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ABSTRACT 
Switching transients in wind turbines, the collection grid, the export system and the ex-
ternal grid in offshore wind farms, during normal or abnormal operation, are the most 
important phenomena when conducting insulation coordination studies. However, the 
recommended models and methods from international standards and guidelines are in-
sufficient to take into account considering the special conditions in offshore wind farms. 
This thesis focuses on the improvement of models and methods used in specialized elec-
tromagnetic transient programs. 
 
In this thesis, an introduction to offshore wind farm electrical systems and the topic of 
transients is given in Chapter 1. In Chapter 2 it is described how the component and 
sub-system models are developed and used from an applied point of view, where com-
mon and detail models are mentioned. In Chapter 3 results from frequency domain 
measurement on transformers and cables are presented. In Chapter 4 results from time 
domain measurements and simulations of switching operations in offshore wind power 
grids are described. Specifically, switching operations on a single wind turbine, the col-
lection grid, the export system and the external grid measured in several real offshore 
wind farms are shown together with simulation results. 
 
Switching operations in offshore wind power grids can be simulated with different elec-
tromagnetic transient programs. Different programs were used in the project and com-
pared results are included in Chapter 4. Also in Chapter 4 different models were used in 
the same program, and in several switching operations sensitivity analysis was made.  
 
General models and methods to study switching transient overvoltages in offshore wind 
farms have been shown in this work. These models and methods are valid for all off-
shore wind farms, or other systems to be analysed. As long as the required frequency 
domain measurements are performed in the appropriate components, the information 
used is correct and the system is created in a suitable simulation tool. 
 
The general method used to validate and create detailed models was proven to be very 
powerful and efficient. This method is also valid for all offshore wind farms, or other 
systems to be analysed. Once this method has been completed, the predictive simula-
tions can be performed with certainty. 
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The specific method to adapt FRA measurements for transformer wide band modelling 
proposed in [54] was used successfully in 100kVA, 4MVA and 120MVA transformers. 
 
Based in the positive sequence voltage ratio comparison from different wind farm trans-
former, it was concluded that the first resonance frequency from low to high voltage 
side is around 10kHz. This frequency match the low-frequency-end of the frequency 
range for natural frequencies on large transformer windings according to [52]. 
 
On the other hand, after the positive sequence voltage ratio comparison from different 
wind turbine transformer, it was concluded that the first resonance frequency in some 
transformers, from low to high voltage side are within range of the frequency range for 
natural frequencies on medium transformer windings according to [52]. 
 
It was found that some of the resonance frequencies from the offline diagnostics of 
transformers based on SFRA measurements, match the positive sequence voltage ratio 
resonance frequencies from low to high voltage side.  
 
From the frequency variation of equivalent inductance and resistance ratio, it was found 
that the L/R ratio, R/Rdatasheet ratio and L/Ldatasheet ratio can be calculated from the rec-
ommended SFRA measurements and the corrected admittance matrix. 
In general, the L/R ratio decreases as the frequency increase in all transformers. But the 
initial magnitude and rate of decrease in frequency from the L/R ratio depends on the 
transformer rating and technology. 
In the analysed transformers, the R/Rdatasheet ratio increases as the frequency increase, 
but the wind farm transformer´s ratio increase more rapidly than the wind turbine trans-
formers. 
In the analyzed transformers, the L/Ldatasheet ratio decrease slightly as the frequency in-
crease, but the error in the wind turbine transformer´s ratio is much higher than in the 
wind farm transformers. 
 
From the time domain validations in wind turbines and collection grid, it was shown 
that all the measurements could be reproduced with some degree of error using: 
 standard and detailed transformer models,  
 PI sections and frequency dependant (phase) models,  
 simplified and detailed VCB models,  
 simplified and detailed wind turbine models, 
 simplified wind farm substation models and  
 simplified external grid models. 
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From the time domain validations in the export system and external grid, it was shown 
that all the measurements could be reproduced with dome degree of error using: 
 standard and detailed transformer models,  
 PI sections and frequency dependant (phase) models,  
 simplified circuit breakers models,  
 simplified wind turbine models, 
 simplified and detailed wind farm substation models and  
 simplified and detailed external grid models. 
 
In the time domain predictive studies for the collection grid, export system and external 
grid, standard or simplified models were used except the detailed synchronous machine 
model and frequency dependant (phase) cable models. 
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RESUMÉ 
Koblingstransienter i møller, opsamlingsnet, transmissionssystem samt i det eksterne 
net i havmølleparker både under normal og uregelmæssig drift er de vigtigste fænome-
ner i isolationskoordineringsstudier. De modeller og metoder, som  internationale stan-
darder og retningslinjer anbefaler, er dog mangelfulde i relation til de specielle forhold, 
der gør sig gældende i havmølleparker. Denne afhandling fokuserer derfor på forbedring 
af modeller og metoder anvendt i specialiserede elektromagnetiske transientprogram-
mer. 
 
Afhandlingen indeholder en generel introduktion til de elektriske systemer i  havmølle-
parker og til emnet transienter, som kan findes i kapitel 1. I kapitel 2 beskrives, hvordan 
modeller for komponenter og delsystemer udvikles og anvendes i praksis, og generelle 
og mere detaljeorienterede modeller nævnes. I kapitel 3 præsenteres resultater fra fre-
kvensområdemålinger på transformere og kabler. I kapitel 4 beskrives resultaterne fra 
tidsdomænemålinger og simuleringer af koblingsaktiviteter i elnet, der modtager pro-
duktion fra havmølleparker,  herunder specielt koblingsaktiviteter på enkelte møller, i 
opsamlingsnet, transmissionssystem og i det eksterne net målt i flere havmølleparker i 
drift, som præsenteres sammen med simuleringsresultaterne. 
 
Simuleringer af koblingsaktiviteter i elnet, der modtager produktion fra havmølleparker, 
kan foretages med forskellige elektromagnetiske transientprogrammer. Der blev an-
vendt forskellige programmer i projektet, og de sammenholdte resultater findes i kapitel 
4. Kapitel 4 indeholder også de forskellige modeller, som blev anvendt i det samme 
program, og der blev endvidere udført sensitivitetsanalyser af flere koblingsaktiviteter.  
 
Generelle modeller og metoder til brug ved undersøgelse af overspænding fra koblings-
transienter i havmølleparker præsenteres i afhandlingen. Disse modeller og metoder er 
gældende for alle havmølleparker og andre systemer, der skal analyseres. Det er vigtigt, 
at de nødvendige frekvensområdemålinger udføres på de korrekte komponenter, at den 
anvendte information er korrekt, og at systemet oprettes i et egnet simuleringsværktøj. 
 
Den generelle metode, der anvendes til at validere og udarbejde detaljerede modeller, 
viste sig at være yderst anvendelig og effektiv. Denne metode kan bruges på alle hav-
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mølleparker og andre systemer, der skal analyseres. Når denne metode er gennemført, 
kan prognosesimuleringerne udføres med en vis grad af sikkerhed. 
 
Den specifikke metode til at tilpasse FRA-målinger i transformerbredbåndsmodellering, 
der er foreslået i [54], blev anvendt med succes på 100kVA-, 4MVA- og 120MVA-
transformere. 
 
Ud fra sammenligningen af de positive sekvensspændingsforhold fra forskellige park-
transformere blev det konkluderet, at den første resonansfrekvens fra lav- til højspæn-
ding er omkring 10 kHz. Denne frekvens svarer i henhold til [52] til lav-frekvensenden 
af frekvensområdet for egenfrekvenser på større transformerviklinger. 
 
Derimod blev det  efter sammenligningen af de positive sekvensspændingsområder fra 
forskellige mølletransformere konkluderet, at den første resonansfrekvens i nogle trans-
formere fra lav- til højspændingssiden er inden for frekvensområdet for egenfrekvenser 
i middelstore transformerviklinger i henhold til [52].  
 
Det viste sig, at nogle af resonansfrekvenserne fra offline fejlfinding på transformere 
baseret på SFRA-målinger svarer til det positive sekvensspændingsområderesonansfre-
kvenser fra lav- til højspændingssiden.   
 
På baggrund af frekvensvariationen i ækvivalente induktans- og modstandsforhold viste 
det sig, at L/R-forholdet, R/Rdatasheet-forholdet og L/Ldatasheet-forholdet kan bereg-
nes ud fra de anbefalede SFRA-målinger og den tilrettede admittansmatrix.  
Generelt falder L/R-forholdet dog i alle transformere, efterhånden som frekvensen sti-
ger. Den indledende styrke og hastighed i frekvensfaldet i L/R-forholdet afhænger af 
transformerens klassificering og teknologi.  
I de analyserede transformere falder R/R datasheet-forholdet, efterhånden som frekven-
sen stiger, men parktransformerens kvotient stiger hurtigere end mølletransformernes. 
I de analyserede transformere, falder L/Ldatasheet-forholdet en anelse, efterhånden som 
frekvensen stiger, men fejlen i mølletransformerens kvotient er betydelig større end i 
parktransformerens. 
 
På baggrund af valideringen af tidsdomæne i vindmøller og opsamlingsnet viste det sig, 
at alle målinger kan genskabes med et vist fejlniveau ved hjælp af: 
• standard- og detaljerede transformermodeller  
• P&I-sektioner og frekvensafhængige (fase)modeller  
• simplificerede og detaljerede VCB-modeller  
• simplificerede og detaljerede vindmøllemodeller 
• simplificerede parktransformermodeller og  
• simplificerede modeller af det eksterne net.  
 Introduction 
13 
 
På baggrund af valideringen af tidsdomæne i transmissionssystemer og det eksterne net, 
viste det sig, at alle målinger kan genskabes med et vist fejlniveau ved hjælp af: 
• standard- og detaljerede transformermodeller  
• P&I-sektioner og frekvensafhængige (fase)modeller  
• simplificerede afbrydermodeller  
• simplificerede vindmøllemodeller 
• simplificerede og detaljerede parktransformermodeller og  
• simplificerede og detaljerede modeller af det eksterne net. 
 
I undersøgelserne af prognose for tidsdomæne i opsamlingsnettet, transmissionssyste-
met og det eksterne net, blev der anvendt standard- eller simplificerede modeller med 
undtagelse af den detaljerede model for synkronmaskine og frekvensafhængige (fa-
se)kabelmodeller. 
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1 
INTRODUCTION 
So far, there have been successful applications of large offshore wind farms in Den-
mark, Germany and the UK. However, the failure rate experienced for certain compo-
nents in offshore wind farms is too high and several research projects focus on different 
aspects relating to this, for example a previous DONG Energy Industrial PhD project by 
N. Barberis Negra [1]. Overvoltages are a possible cause of some component failures 
experienced in offshore wind farms including failures to wind turbine transformers at 
Middelgrunden and Horns Rev 1 [2]. The present project will focus on switching over-
voltages in offshore wind farms, particularly those related to the cable collection grid, 
export system and external grid – i.e. on the mechanisms causing overvoltages. The 
objective is the development of validated models and detailed methods for using elec-
tromagnetic transient programs to correctly assess the severity of switching overvoltag-
es in offshore wind power grids. 
 
Large offshore wind farms (OWFs) are based on extensive MV submarine cable collec-
tion networks connecting tens to hundreds of usually identical wind turbines placed in 
regular patterns with certain interspacing and connected to a substation which in large 
wind farms is usually also placed offshore where the voltage is raised to high voltage 
for transmission via a submarine export cable to a connection point in the public power 
system on land. Such arrangements are unusual as compared to a typical expansion of a 
power system in several ways such as: the lateral sizes of the systems, the large number 
of identical sub systems: generators, power converters, transformers, and switchgears in 
the wind turbines and collection cable network; and also unusual compared to other 
power system´s operating conditions and environmental constraints. 
The wind farm transformer substation is often connected via a single export cable to a 
connection point to the public export grid on land up to more than hundred kilometres 
from the offshore wind farm. This distance between generator and the public power grid 
is also highly unusual for a power generation plant. 
1.1 Background 
Transient overvoltage studies and system protection studies are usually performed dur-
ing the development of extensions of the electric power systems. The detail to which 
such studies are conducted depends on the simulation tools and resources available. The 
reliability of the results depends on the tools used as well as on the trustworthiness of 
models and input parameters representing the components of the system. DONG Energy 
has previously conducted overvoltage studies for the Danish offshore wind farms Mid-
delgrunden, Horns Rev 1, Nysted, Horns Rev 2 and Anholt. In all cases the usefulness 
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of the studies was limited by the uncertainties attributed to the models and therefore to 
the results.  
1.2 Problem formulation 
This Industrial PhD project is focused on investigating how best to perform switching 
overvoltage studies for offshore wind power grids taking into account the new and unu-
sual conditions typical of offshore wind farms mentioned above. The specific aim is to 
improve models and methods to be used for these studies and thereby provide the bases 
for higher reliability of offshore wind farms as large power generation units in electrical 
power systems. 
1.3 Method, boundaries and assumptions 
This section outlines the general method, boundaries and assumptions adopted during 
this Industrial PhD project. A general overview of the Industrial PhD project is shown 
in Figure 1-1 with the four focus areas of the project: Models, frequency domain meas-
urements, mechanism causing overvoltages, and time domain measurements and simu-
lations.  
 
Figure 1-1: General overview of the Industrial PhD project. 
In Figure 1-1 it is possible to see all the models and methods used or developed in the 
right top corner. The frequency domain measurements performed during the project are 
shown in the right bottom corner. The mechanisms causing overvoltages like connec-
tion, disconnection or faults are shown in the left bottom corner, and finally the time 
domain measurements and simulations realised during the project are shown in the left 
top corner. It is possible to see how the four focus areas are divided between each other, 
but at the same time interconnected by three actions: perform studies, validate models 
and create detailed models. Additionally, frequency domain studies were also performed 
to compare the results from different transformers and cables.  
 
The general method used to validate and create detailed models is shown in Figure 1-2. 
First, the time or frequency domain measurements were performed on a component or 
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in a system, then these measurements were analysed and based on this, a model was 
created. Afterwards, the model was implemented in a simulation tool to perform the 
corresponding studies, and finally a comparison was made with the initial time or fre-
quency domain measurements in order to validate the model. 
 
Figure 1-2: General method used to validate and create detailed models adopted during 
the Industrial PhD project. 
The measurements used during the project are: 
 Time domain measurements performed at Nysted Offshore Wind Farm and Bur-
bo Bank Offshore Wind Farm within the project entitled ―Voltage conditions 
and transient phenomena in medium voltage grids of modern wind farms‖, PSO 
Project nr. 2005-1-6345. 
 Time domain measurements performed at Gunfleet Sands Offshore Wind Farm 
and Avedøre Offshore Wind Farm sponsored by DONG Energy´s SIDER3.6 
R&D project. 
 Time domain measurements from Elspec power quality measurement systems 
installed in several Offshore Wind Farms. 
 Frequency domain measurements performed on wind turbine transformers at 
DTU, Burbo Bank Offshore Wind Farm, Nysted Offshore Wind Farm, Mid-
delgrunden Offshore Wind Farm, Horns Rev 2 Offshore Wind Farm, Avedøre 
Offshore Wind Farm and London Array Offshore Wind Farm. 
 Frequency domain measurements performed on wind farm transformers of Bur-
bo Bank Offshore Wind Farm and Walney Offshore Wind Farm. 
 Frequency domain measurements performed on single phase cables and three 
phase cables at DTU and Nysted Offshore Wind Farm. 
 Frequency domain measurements performed on different three-phase reactors 
and high-frequency filters for offshore wind turbines. 
 
1 
2 3 4 
5 
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At the beginning, the project was broader and as the project progressed and focused on 
measurements and models, several topics have been left for others to work on; some of 
these topics are: 
 Only Slow front transient overvoltages, as defined in IEC 60071-1 [42], are in-
vestigated in this work. No measurements were available from Fast or Very fast 
front transient overvoltages. Low frequency continuous and temporary overvolt-
ages were not investigated either.  
 Full-scale converter wind turbine model development for electromagnetic transi-
ent programs. The available information was deemed insufficient regarding the 
control and behaviour of wind turbines during different operating conditions as 
shown in [67]. 
 Asynchronous generator wind turbine model development for electromagnetic 
transient programs. The available information was deemed sufficient regarding 
the control and behaviour of wind turbines during different operating conditions 
as shown in [27]. 
 Surge arresters. Limited information was available about the surge arresters used 
in the export system and collection grid of large offshore wind farms; additional-
ly, none of the overvoltages measured or analysed reached the surge arrester 
level, so no recording was available for comparison of the operation of a surge 
arrester. 
 Insulation coordination study. It was expected to apply all the validated models 
created during the project on a complete insulation coordination study; however, 
the time to do this within the project duration was insufficient. 
 Protection studies during abnormal operation of wind farms. Short circuit stud-
ies, islanding operation studies and protective relaying studies were planned; 
however, due to time limitations these studies were cancelled. 
 Grey Box transformer models. Previous work has been done on such models at 
DTU [97], but it was decided at the beginning of the project not to focus in only 
one type of transformer. 
These topics are still worthy of detailed research and the model and methods developed 
in this project will support this. 
 
Most of the research of this PhD project is based on simulation tools and high frequency 
measurements in offshore wind farms; as well as frequency domain measurements on 
cables and transformers. At the end of the project the capabilities of the simulation tools 
are tested, analysed and compared in order to find the limitations of the different models 
and methods to estimate correctly the switching overvoltages in offshore wind power 
grids. 
 
1.4 Work of others 
Regarding the modelling of MV and HV components for switching transient overvolt-
age studies, there is a fair amount of information and guidelines available in the litera-
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ture about circuit breakers, transformers, cables, surge arrestors, etc. However, this 
tends to be mainly theoretical information, and in practice the information about these 
components is typically not available in sufficient detail for accurate insulation coordi-
nation studies [3]. Furthermore, commercial simulation tools tend either to have limited 
facilities for this type of studies or require very specialized training and experience. In 
short, the credibility of this type of studies relies on the quality of the models and in-
formation that the user can get hold of, and even then, it depends on the simulation tools 
and the user‘s skills. This creates additional concern and further work is necessary to 
design the collection grid with the higher reliability, needed for offshore wind farms. 
The following sections will briefly describe how certain components can be modelled 
for switching transient overvoltage studies. 
 
Vacuum circuit breakers (VCB) are often used in offshore wind farms as primary 
switchgear components; hence it is important to be able to accurately represent this 
component in simulation studies, which is confirmed by recent research [4], [5] and 
[26]. The simulation tools available at the beginning of the Industrial PhD project at 
DONG Energy evidently did not have sufficiently accurate models for this component 
to replicate switching overvoltages measured in wind farms [6]. For the VCB, different 
models do exist and they all take into account arc thermal instabilities. However, there 
is no universally precise arc model. The generic model of VCBs incorporates stochastic 
properties of different phenomena that take place in the breaker opening and closing 
processes [7]. The different properties that are generally considered are the random na-
ture of the arcing time, current chopping ability, the dielectric strength between con-
tacts, and the quenching capabilities of the high frequency current at zero crossing [4]. 
In [8] a procedure to estimate the VCB parameters, based on measurements with good 
accuracy, has been developed, as well as conclusions regarding the magnitude and rise 
time of surges. However, such more accurate models are in practice not available for the 
commercial VCBs employed in wind farms, as they are either generic/theoretical mod-
els or kept confidential by the VCB manufacturer. Therefore, this creates a need for 
developing sufficiently accurate open models for the VCBs actually used in wind farms 
and for validating them against measurements.  
 
Each wind turbine is connected to the MV submarine cable collection grid through a 
step-up transformer, which must be modelled sufficiently accurately for transient stud-
ies, since fast and very fast transients are a known cause of transformer damage. A de-
tailed transformer transient model can be employed to design the proper insulation and 
necessary surge arresters for transient protection [9]. To simplify the modelling of the 
transformer, a low frequency model can be used to represent the inrush current of trans-
formers, and a high frequency model can be used for other transient studies.  
High frequency transformer modelling methods can be further classified as simplified, 
Grey Box and Black Box models. 
The simplified high frequency transformer model is the same as the low frequency 
transformer model with the addition of equivalent capacitances in the terminals of the 
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transformers. This simplified approach can be used for the calculation of transferred 
voltages from one side of the transformer to another; however, a more rigorous ap-
proach requires the determination of the matrix of frequency-dependent impedances in 
order to use it to calculate the parameters of the transformer model [96]. This matrix is 
calculated from the internal structure of the transformer (Gray Box model) or from 
measurements (Black Box model).  
The Grey Box models can be used by the transformer designer to study the resonance 
behaviour of transformer windings and the distribution of electrical stresses along the 
transformer windings.  
The Black Box models are normally based on the results from measurements in time 
and/or frequency domains. Gustavsen has developed a procedure to measure the fre-
quency dependent admittance matrix of the transformer [10], and then create a synthe-
sized electrical network [11] using the vector fitting technique [12]. However, such 
models are in practice not available from the transformer manufacturer, and sufficiently 
accurate models therefore have to be developed and validated against measurements. At 
this point, international working groups in CIGRÉ [103]and IEEE [104] are working on 
the development of guidelines regarding transformer detailed modelling, application and 
interaction between components.  
 
The submarine cables in the collection grid of offshore wind farms are solid dielectric 
cables with cross-linked polyethylene (XLPE) insulation. Depending on the transient 
studies to be performed, the cables can be modelled in electromagnetic transient pro-
grams with a PI section or with a model that can accurately represent the frequency de-
pendence of the cable. The frequency dependant models require certain information: the 
series impedance matrix Z and the shunt admittance matrix Y. These parameters are 
calculated automatically by the cable constants routines within most electromagnetic 
transient programs, using cable geometry and material properties as input parameters. 
The calculation of Z and Y from the geometry and the material properties follows simi-
lar procedures for all cable constant routines. However, there are still challenges regard-
ing the impedance calculation based on computing surface impedance and transfer im-
pedance of cylindrical metallic shields, as well as regarding calculation of the self and 
mutual ground impedances [13]. Again, such models are in practice not available from 
the cable manufacturer and therefore have to be developed and validated against meas-
urements. 
 
Metal oxide surge arresters (MOSA) are widely used as protective devices against 
switching and lightning overvoltages in power systems. Switching surge studies could 
be performed by representing the MOSA only with their non-linear V-I characteristics.  
However, MOSA have dynamic characteristics and have to be modelled differently for 
low frequency, slow front, fast front and very fast front transients; as explained and dis-
cussed in [14]. Some characteristics, referred to as frequency-dependent and tempera-
ture-dependent, might be required in more sophisticated models than the simple static 
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non-linear resistance. Again such models are in practice not available from the MOSA 
manufacturer and therefore have to be developed and validated against measurements. 
 
The transient overvoltages in the collection grid, export system and external grid of 
large offshore wind farms is gaining attention from wind farm owners and wind tur-
bine manufacturers due to the large amount of sensitive power electronics in frequency 
converter wind turbines. However, at the planning stage of a wind farm, the system de-
signer has at best only a limited digital model from the wind turbine manufacturer avail-
able to estimate the worst possible switching transient overvoltage. 
Temporary overvoltages as high as 2p.u. have been observed in Horns Rev 1, on the 
west coast of Denmark, when the main-circuit breaker tripped the wind farm cable at 
the onshore connection point and left the wind farm in isolated operation with the export 
cable and the wind farm transformer [15]. Although such events are rare, this represents 
a risk of damaging the equipment. The Danish transmission system operator, Ener-
ginet.dk, performed investigations of such overvoltages in connection with the planning 
of the new offshore wind farm Horns Rev 2. These investigations have shown that the 
temporary overvoltage levels are influenced by many parameters, including operational 
characteristics of the wind turbines prior to the disconnection, protection systems, con-
trol and the accuracy of the representation of the cable and the transformers in the rele-
vant frequency range [15], [17]. 
 
The wind turbines (WTs) have evolved from the first models with direct connected in-
duction machines, to complex systems with new advanced power electronic equipment 
and capabilities. As mentioned before, the wind farm developers have only limited digi-
tal models of the WTs from the WT manufacturers, available for conducting the appro-
priate design studies. Such dynamic WT models are based on a generic design of a vari-
able-speed WT employing either a doubly-fed variable speed generator or a full-scale 
converter, where the WT generator is connected through a frequency converter system 
which feeds the generated active and reactive power into the power grid at the power 
system frequency. The application of a frequency converter system comprises two 
AC/DC converters and a DC-link. The DC-link decouples the generator and grid fre-
quency, so that the WT rotor speed always can be optimised to the actual wind speed 
conditions. The combination of variable-speed operation and pitch blade-angle control 
improves power output optimization of the WT rotor and reduces noise. In high-speed 
wind, the pitch control is used to limit the power output to the rated WT power. 
Work with implementation and validation of dynamic WT models are of increasing im-
portance to wind farm developers and transmission system operators, since the offshore 
wind power installations increase in size and complexity and the dynamic simulation 
tools therefore become an indispensable part of transient overvoltage stability and insu-
lation coordination studies related to the incorporation of wind power into power grids 
WT manufacturers have developed dynamic simulation models of their WTs, as re-
quested by transmission system operators and wind farm developers. Siemens Wind 
Power has for example published dynamic model validation results for a certified fault-
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ride through tests (Low voltage ride through). The validation has shown good agree-
ment between the measurements and the dynamic results from the WT model [18]. The 
successful validation gives credibility to the WT model for transient power system sta-
bility studies. However, there is a corresponding need for accurate and validated model-
ling of WTs in EMT programs in connection with transient overvoltages, which so far 
have not received nearly as much interest as low voltage ride through. 
 
Currently, synchronous generators are not widely used as wind turbine generators in 
offshore wind turbines; however, many future wind turbines will be equipped with per-
manent, magnet synchronous generators. On the other hand, synchronous generators 
might be installed in some offshore wind farm substations as auxiliary generators [19].  
In general, the synchronous machine is a complex component and its behaviour during 
transient operation depends on the electro-mechanical interaction of the machine sys-
tem. According to the CIGRE WG 33.02 [20], a transient in synchronous generators can 
be divided in Low frequency, Slow frequency, Fast frequency and Very-Fast-Front fre-
quency; and for each frequency a different representation is needed. In EMT programs 
like PSCAD, the synchronous machine model is programmed in state variable form, 
using generalized machine theory. Additional components like the exciters, governors, 
stabilizers, turbines and shafts can also be included in the digital model of the machine. 
 
The wind farm substation, where the voltage is raised to high voltage for transmission, 
can be located offshore or onshore. In both cases the substation normally comprises the 
wind farm transformer(s), compensation equipment, MV and HV switchgear as well as 
auxiliary equipment for the substation. In general, the available space for the substation 
is limited and gas insulated switchgear (GIS) is used. In such compact substations with 
HV GIS equipment, a number of re-strikes occur across the switching contacts when the 
disconnector switch or circuit breaker operates. Each re-strike leads to generation of 
very-fast-transient overvoltages, these overvoltages have rise times in the range of a few 
nanoseconds and are followed by high frequency oscillations [75]. However, such tran-
sient studies are not standard, and the information provided by the GIS manufacturers is 
limited in most cases. 
 
The external grid, where the offshore wind farm is connected to the transmission sys-
tem, is not fully known to the wind farm developer until the wind farm commissioning 
phase. In most cases, the information provided by the transmission system operator is 
simplified and limited, where just the minimum and maximum short circuit capacities 
and X/R ratios are given. In other cases, performance impedance plots with X/R areas 
are given for several frequencies. In few cases, the transmission system operator may 
give a digital model of the external grid; however, future work and cooperation is re-
quired to fully understand the external grid. 
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As mentioned above, there has been extensive work done regarding the modelling of 
transformers, cables, vacuum circuit breakers, surge arresters, wind turbines, synchro-
nous generators, wind farm substations and external grid for different studies; however, 
no work has been done so far on gathering this information and apply it to create vali-
dated models and detailed methods for switching transient overvoltage protection stud-
ies in offshore wind farms. Doing this in this Industrial PhD project will eventually help 
to develop a more reliable and robust electric network from the planning stage to the 
operation of the wind power plant. 
1.5 Thesis outline 
The primary focus of this thesis is to provide background information and state-of- the-
art knowledge to understand the results regarding models and methods to estimate the 
switching overvoltages in offshore wind power grids. The main contributions and re-
sults are reported in journal papers and conference papers as outlined in Section 1.6. 
 
Chapter 1 presents the background, motivation and context of the thesis. 
 
Chapter 2 summarizes the state-of-the-art modelling of component and sub-systems in 
offshore wind farms for electromagnetic transient simulations. Information regarding 
transformers, cables, vacuum circuit breakers, wind turbines, synchronous machines, 
wind farm substations and external grid models is shown. 
 
Chapter 3 presents the frequency domain measurements on different components per-
formed during the project. Here the procedure and results are shown for measuring the 
offshore wind farm transformer, wind turbine transformer, single phase cable and three 
phase cable.  
 
Chapter 4 reviews the time domain measurements and simulations of the wind turbine 
low voltage and medium voltage systems, collection grid and export system used and 
performed during the project. This chapter is divided into five sections: measuring tech-
niques, switching operations in the wind turbine, switching operations in the collection 
grid, switching operations in the export system and switching operations in the external 
grid of large offshore wind farms. 
 
Chapter 5 discusses several topics that were approached during the Industrial PhD and 
further work required on them. In particular, the model developed for transformers, ca-
bles, vacuum circuit breakers, external grids and wind turbines. 
 
Chapter 6 presents the main conclusions of this Industrial PhD and suggests topics for 
further research. 
 
Chapter 7 contains the references used for this thesis. 
 
 Introduction 
30 
Appendix A shows the Matlab code used for pole residue fitting, passivity enforcement 
and network generator; for the 100kVA transformer corrected admittance matrix. 
 
Appendix B presents the tables from time domain measurements and simulations of 
switching operations in the wind farm grid not shown in Chapter 4. 
 
Appendix C presents the figures from time domain measurements and simulations of 
switching operations in the wind farm grid not shown in Chapter 4. 
 
The reprints of most journal papers and conference papers published during the Indus-
trial PhD are included in Appendix D at the end of the document.  
 
The printed version of this document has been split in two parts, to make it easier for the 
reader to follow the main text together with the figures and tables. The first part covers 
from Chapter 1 to Chapter 7; while the second part covers from Chapter 8 to Appendix 
D. 
1.6 Publications 
The following journal papers and conference papers are published or accepted for publi-
cation, and contain the most important results of the Industrial PhD project "Overvolt-
ages and protection in offshore wind power grids". The publications included in the 
thesis are divided by subject as: 
 General information 
o [Pub1] How to improve the design of the electrical systems in future wind farms [21] 
o [Pub2] Transient and Temporary Overvoltages in the Collection and Export Power Grid 
in Offshore Wind Power Plants [22] 
 Switching operations in the collection grid of large offshore wind farms 
o [Pub3] Voltage dip caused by the sequential energization of wind turbine transformers 
[23] 
o [Pub4] Comparison of Measured Transient Overvoltages in the Collection Grid of Nysted 
Offshore Wind Farm with EMT Simulations [24] 
o [Pub5] Energisation of Wind Turbine Transformers with an Auxiliary Generator in a 
Large Offshore Wind Farm Under Islanded Operation [19] 
o [Pub6] Worst Asymmetrical Short-Circuit Current [25] 
o [Pub7] Validation of cable and vacuum circuit breaker models for the simulation of tran-
sients in offshore wind farms [26] 
o [Pub8] Electromagnetic Validation of Fixed-Speed Induction Generator Models using 
Wind Farm Measurements [27] 
o [Pub9] Transient Studies in Large Offshore Wind Farms, Taking Into Account Net-
work/Circuit Breaker Interaction [28] 
o [Pub20] Validation of two vacuum circuit breaker models for the simulation of a connec-
tion switching operation of a wind turbine in the collection grid of an offshore wind 
farm [71] 
 Switching operation in the export system and external grid of large offshore 
wind farms 
o [Pub10] Transient study for a fully compensated export cable in large offshore wind 
farms [29] 
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o [Pub11] Validation of a Switching Operation in the External Grid of Gunfleet Sand Off-
shore Wind Farm by Means of EMT Simulations [30] 
o [Pub12] Simulated Switching Transients in the External Grid of Walney Offshore Wind 
Farm [31] 
o [Pub13] Transient Recovery Voltages at the Main 132kV Line Bay GIS Circuit Breaker 
in a Windfarm [32] 
 Development of component models 
o [Pub14] Wind turbine transformer admittance characterization based on online time-
domain measurements and preliminary results from measurements done in two trans-
formers using a SFRA [33] 
o [Pub15] Frequency response variation of two offshore wind park transformers with dif-
ferent tap changer positions [34] 
o [Pub16] Adapting FRA measurements for transformer wide band modelling [35] 
o [Pub21] Validation of wide band transformer model from two wind turbine transformers 
based on frequency and time domain measurements [91] 
o [Pub22] Wind turbine reactor and high frequency filter models based on frequency do-
main measurements [92] 
 Measurement system 
o [Pub17] Development and design of a flexible measurement system for offshore wind 
farm applications [36] 
o [Pub18] EMC Challenges During Harmonic and Transient Measurements in Offshore 
Wind Farms [37] 
o [Pub19] GPS Synchronisation of Harmonic and Transient Measurements in Offshore 
Wind Farms [38] 
 
The following publications have not been included in the thesis: 
o [Pub23] Electromagnetic validation of fault-ride through capabilities of wind turbines 
[39] 
o [Pub24] EMT Validation of Fault-Ride-Through Capabilities of Wind Turbines Induction 
Generators with Full-rating Converter [40] 
o [Pub25] Compatibility between electric components in wind farms [41]. 
 
The author is not the main contributor in [Pub7], [Pub8], [Pub9], [Pub17], [Pub18], 
[Pub19], [Pub20], [Pub21], [Pub22], [Pub23], [Pub24] and [Pub25] but the results have 
been achieved together with other researchers in the field. 
The author´s contribution to [Pub7] is the creation of a detailed vacuum circuit breaker 
in PSCAD, to be compared with a similar vacuum circuit breaker in EMTP-RV. 
In [Pub8] the author´s contribution is marginal and related to early work on PSCAD 
modelling of induction generator and the creation of the collection grid. 
In [Pub9] the author´s contribution is marginal and related to early work on DIg-
SILENT, PSCAD and detailed vacuum circuit breaker modelling.  
In [Pub17] , [Pub18]  and [Pub19] the author´s contribution is related to the develop-
ment, design, construction and installation of the measurement system.  
The author´s contribution to [Pub20] is the creation of a detailed vacuum circuit breaker 
model in PSCAD, to be compared with a similar vacuum circuit breaker in ATP. 
The author´s contribution to [Pub21] and [Pub22] is the creation of the wind turbine 
transformers, reactors and filters in PSCAD; as well as time and frequency domain 
measurements in the different components, together with the first author. 
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The author´s contribution to [Pub23], [Pub24] and [Pub25] is marginal regarding data 
and measurement gathering, as well as guidance, supervision and support on the early 
stage of the conference papers. The author is the main contributor of all the remaining 
publications.  
1.7 Supervision 
During the entire project several MSc and BSc projects were supervised, and some of 
the results have been published as shown in the previous section. The supervised pro-
jects are: 
 Georgios Rogdakis ―Electromagnetic validation of fault-ride through capabilities 
of fixed-speed wind turbines‖, MSc Dissertation. Dept. Electrical Engineering, 
Technical University of Denmark, September 2010 [65]. 
 Charlotte Karlshøj Madsen ―Resonances in MV Cable and Transformer Systems 
for Simulation of Switching Transients in PSCAD‖, MSc Dissertation. Dept. 
Electrical Engineering, Technical University of Denmark, September 2010 [66]. 
 Jiawei Liu ―EMT validation of fault-ride-through capabilities of wind turbines 
induction generators with full-rating converter‖, MSc Dissertation. Dept. Elec-
trical Engineering, Technical University of Denmark, September 2010 [67]. 
 Amel Hadzisakovic ―Hardware-In-Loop (HIL) Testing for Directional Over-
current Protection for Offshore Wind Farms‖, BSc Dissertation. Dept. Electrical 
Engineering, Technical University of Denmark, September 2011. 
 Michael Lindahl, Niels-Christian Fink Bagger ―Discrete optimization tool for 
the cable collection grid in large offshore wind parks‖, MSc Dissertation. Dept. 
Management Engineering, Technical University of Denmark, September 2012.  
1.8 Thesis overview 
The thesis shows many time and frequency domain studies performed during the pro-
ject. The two tables below have been created as a guide for the reader to follow the dif-
ferent time and frequency domain studies along this document. 
It is possible to see from these two tables that some of the frequency and time domain 
studies are part of a publication; hence it has been decided for space reasons, that only 
the main results from the complete publications in Appendix D would be included in the 
main text of the thesis. 
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Table 1-1: Different frequency domain studies shown in this PhD Thesis. 
Section Component Frequency domain studies Wind farm Objective Publication Sensitivity analysis 
2.3.3.2 R&D trans-
formers 
Development of Black Box model based on 
measurements with SFRA equipment 
R&D Comparison [Pub14], [Pub 
16] and [Pub21] 
No 
2.3.3.3 Wind farm and 
turbine trans-
formers 
Development of standard transformer model 
for high frequency studies with equivalent 
capacitances from SFRA measurements 
R&D and Walney 1 Comparison [Pub15] Tap changer position 
3.2.1 Wind farm 
transformer 
Positive sequence voltage ratio calculation  Walney 1 and Burbo Bank Comparison  Tap changer position 
3.2.2 Wind turbine 
transformer 
Positive sequence voltage ratio calculation R&D, Middelgrunden, Nysted, 
Burbo Bank, Horns Rev 2 and 
London Array. 
Comparison  No 
3.2.4 Wind farm and 
turbine trans-
formers 
L/R ratio variation R&D, Middelgrunden, Nysted, 
Burbo Bank, Horns Rev 2, Lon-
don Array, Walney 1 and Burbo 
Bank 
Comparison  No 
3.3.1 Single phase 
cable 
Standard measurement results R&D Comparison  Cable laid and drummer 
3.3.2 Three phase 
cable 
Standard measurement results Nysted Comparison  Cable laid and drummer. 
Aluminium and copper 
cables. 
3.4 Reactors Development of Black Box model based on 
measurements with SFRA equipment 
Different wind farm and turbine 
reactors 
Comparison and 
model creation 
[Pub22] Different reactors 
3.5 High frequency 
filters 
Development of Black Box model based on 
measurements with SFRA equipment 
Different wind turbine filters Comparison and 
model creation 
[Pub22] Different filters 
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Table 1-2: Different time domain studies shown in this PhD Thesis. 
Section System Mechanism Time domain studies Wind farm Objective 
2.3.3.2 Wind turbine 
transformer 
Low frequency 
steady voltage 
50Hz voltages and currents be-
tween standard and Black Box 
transformer models  
R&D Comparison 
2.3.3.2 Wind turbine 
transformer 
High frequency 
steady voltage 
180kHz voltages between meas-
urements and Black Box trans-
former model 
R&D Validation 
4.2.1 Wind turbine Disconnection Wind turbine disconnection Avedøre Validation 
4.2.2 Wind turbine Connection Wind turbine connection Avedøre Validation 
4.3.1 Collection grid Connection Radial connection with measure-
ment equipment  
Nysted and Bur-
bo Bank 
 
Validation 
4.3.2 Collection grid Disconnection Radial disconnection with meas-
urement equipment 
Nysted, Burbo 
Bank, Horns Rev 
1 and Gunfleet 
Sands 
Comparison 
and valida-
tion 
4.3.3 Collection grid Connection Radial connection without meas-
urement equipment 
Gunfeet Sands Explanation 
4.3.4 Collection grid Connection Wind turbine transformer connec-
tion in a radial with measurement 
equipment 
Burbo Bank Validation 
4.3.5 Collection grid Disconnection Wind turbine transformer discon-
nection on radial with measure-
ment equipment 
Burbo Bank Validation 
4.3.6 Collection grid Connection Capacitor bank connection Burbo Bank Validation 
4.3.7 Collection grid Connection Energization of wind turbine trans-
formers under islanded operation 
Wind farm in 
Germany 
Prediction 
4.4.1 Export system Disconnection  
and connection 
Wind farm disconnection and 
connection due to maintenance 
work 
Gunfeet Sands Validation 
4.4.2 Export system Connection Wind farm export system connec-
tion 
Walney 1 Prediction 
4.4.3 Export system Fault Wind farm export system discon-
nection after a fault 
Walney 2 Prediction 
4.5.1 External grid Connection Capacitor bank connection Gunfeet Sands Validation 
4.5.2 External grid Connection Cable connection Walney 1 Prediction 
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2 
MODELLING OF OFFSHORE WIND FARMS 
This chapter summarizes the state-of-the-art modelling of components and sub-systems 
in offshore wind farms for electromagnetic transient simulations. Information regarding 
transformers, cables, vacuum circuit breakers, wind turbines, synchronous machines, 
wind farm substations and external grid models is shown.  
2.1 Computer aided design of the electrical system in offshore 
wind farms 
During the analysis and maturation phases of offshore wind farm projects, different 
electrical studies have to be done. Some of the most common studies are: 
 Load flow 
 Short circuit  
 Reactive power balance 
 Protection 
 Insulation coordination 
 Fault-ride-through 
 Dynamic stability 
 Power quality, flicker and har-
monics emission 
 Harmonic stability 
 
The digital model of components and sub-systems used for each study are different, and 
the detail at which they are implemented is different as well. In general, EMT simula-
tions are only needed in certain protection and insulation coordination studies. Based on 
the results from these studies different components, protection systems and control phi-
losophies are selected and optimised. It is important to mention that simulations in EMT 
programs are essential in the insulation coordination studies and specialized simulation 
tools are required. 
 
Transient and temporary overvoltage studies are covered within the insulation coordina-
tion; hence, this study is the most important study to select appropriate insulation level 
and location and size of surge arresters. However, due to the inherent design of the off-
shore wind farms there is limited exposure to lightning surges into the export and col-
lection grids, and the recommended standards do not cover this special condition. The 
international standards are one of the most used tools for front end engineering; howev-
er, according to the IEC 60071 [42],[43], for primary components with maximum oper-
ating voltage below 300 kV, no rated switching impulse withstand voltage is specified 
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as no test is required. This creates specific problems due to the fact that the usual volt-
age levels of the collection grid are 33kV and 150kV for the export system. 
 
On top of this problem, the fact that most models in EMT programs are valid only for 
50Hz/60Hz studies creates additional uncertainties in the results. For example, Figure 
2-1 shows the measured phase A voltage in the MV of one wind turbine in Avedøre 
Offshore Wind Farm during the connection of the wind turbine. The voltage is shown in 
the top, and the spectrogram (in dB) of the voltage during the same time is shown in the 
bottom. Here is possible to see that the wind turbine is connected at T1, and due to the 
circuit breaker operation some overvoltages are measured with almost 18kV magnitude. 
Afterwards, the 50Hz voltage is steady at rated value. In the spectrogram it is possible 
to see the 50Hz component after T1, as well as a sharp variation in all frequency com-
ponents during the switching operation. This clearly shows that during the measured 
switching operation, high frequency oscillations are present. Hence, the models to re-
produce such switching operation in a simulation tool should be frequency dependent. 
 
Figure 2-1: Measured phase A voltage in the MV of one wind turbine in Avedøre Off-
shore Wind Farm during the connection of the wind turbine MV VCB. The voltage is 
shown in the top, and the spectrogram of the voltage during the same time is shown in 
the bottom. 
2.2 General considerations for EMT simulations in offshore 
wind farms 
In general, in EMT programs the system is studied using time-domain waveforms for 
the state variables of interest; this is comparable to the connection of an oscilloscope at 
any point in the power system [44]. Normally, these simulations do not require too 
much simulation time, in comparison with the time needed for gathering the required 
detail information. 
T1 
50Hz 
T1 
 Modelling of offshore wind farms 
39 
It was decided to use PSCAD as main EMT program for simulations during the project. 
DIgSILENT was used only at the beginning of the project [24], and different compari-
sons were made with other EMT programs in cooperation with other researchers [26], 
[71] and [91]. 
 
As explained in section 1.4, there is a fair amount of information and guidelines availa-
ble in the literature about modelling of MV and HV equipment for switching transient 
studies. However, in practice the information about these components is typically not 
available in sufficient detail for accurate transient studies in offshore wind farm applica-
tion. There are two main reasons for this: confidentiality and time. 
 Confidentiality: The component manufacturer does not provide sufficient in-
formation to realise detail studies. For example, the circuit breaker/transformer 
manufacturer would only provide ―sufficient‖ information according to interna-
tional standards or recommendations (IEC/IEEE/CIGRE) to maintain his com-
mercial competitive advantage. It would typically be possible to get additional 
confidential information, only if this is agreed prior to the purchase agreement 
within a project. 
 Time: Insulation coordination studies are done during the development phase of 
a project; however, as time progresses, the project changes and evolves, hence 
several iterations of the studies are needed. This creates additional problems 
since detail models (high frequency Black Box transformer models) would only 
be available after the construction of the component. In offshore wind farm pro-
jects, time is a very important factor because, presently, projects are carried out 
and developed as fast as possible to accomplish power production as early as 
possible. 
 
To show the complexity of a wind farm, the single line diagram of Burbo Bank Off-
shore Wind farm is shown in Figure 2-2. Here it is possible to see the four main voltage 
levels: 
 Export system at 132kV, 
 Collection grid at 33kV, 
 Auxiliary system at 0.4kV and 
 Wind turbine system at 0.69kV. 
 
The wind farm transformer (TR1) is located in the onshore substation and is connected 
to the 132kV external grid via a GIS circuit breaker (CB_PCC). On the MV-side of the 
onshore substation there are five main vacuum circuit breakers (CB_MV1 to CB_MV5). 
The capacitor bank for reactive power control of the farm is connected to CB_MV1. 
The auxiliary load is connected to the earthing transformer and CB_MV2. Finally, the 
three radial cable feeders are connected to CB_MV3, CB_MV4 and CB_MV5. Each 
radial feeder has a land cable in series with submarine cables to connect the wind tur-
bines. Each wind turbine has a wind turbine transformer (for example WTT_22) con-
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nected a vacuum circuit breaker (for example CB_MV22) to the collection grid. On the 
low voltage side in each wind turbine there is a main circuit breaker (for example 
CB_LV22) that connects the wind turbine converter, reactor filter and loads (not shown 
in figure). 
 
According to [43] the insulation coordination consist of five main steps for the selection 
of the highest voltage for the equipment together with a corresponding set of standard 
rated voltages which characterize the insulation of the equipment needed for the appli-
cation. To optimise the protective equipment, an iterative process based on change of 
input data and repetition may be needed. The five main steps are: 
1. Determination of representative overvoltages. 
2. Determination of coordination withstand voltages. 
3. Determination of the required withstand voltages. 
4. Conversion to withstand voltages normalized for range. 
5. Selection of standard withstand voltage values. 
 
In [77] it is regarded as good practice to install surge arresters at or close to: 
 The terminals of shunt capacitor bank. 
 The terminals of an unloaded transformer winding. 
 The terminals of a cable, but the arrester should be capable of absorbing the high 
energy that can be stored in a cable when subjected to an overvoltage that causes 
the arrester to discharge.  
 The terminals of gas-insulated-switchgear (GIS). 
 The terminals of high-power static devices. 
 The terminals of circuit breakers 
 
However, in large offshore wind farms - due to space limitations in the wind turbines, 
offshore substation and onshore substation - it may be difficult to install surge arresters 
at all recommended locations. And even worse, if the size of the surge arresters is se-
lected wrongly during the design stage it might be necessary to change the surge arrest-
ers later on. Hence, it is important to correctly optimise the protective equipment. This 
is similar to the recommendation from [77]: 
 
For a system with multiple cable and overhead line connections, optimum protection 
against overvoltages can best be achieved by carrying out a comprehensive transient 
study for the interconnected system. 
 
The following sections will show in detail how models of transformers, cables, wind 
turbine, synchronous machine, substation and external grid are created. 
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Figure 2-2: Simplified single line diagram of Burbo Bank Offshore Wind Farm. 
2.3 Transformer 
As explained before, in large offshore wind farms, mainly three types of transformers 
are installed: 
 Wind farm transformer. This component is used as interface between the col-
lection grid and the export system or external grid. One or more of this type of 
transformers can be installed, depending on the capacity of the offshore wind 
farm. Additional wind farm transformers can be installed if the export system 
and the external grid are at different voltage levels. 
 Wind turbine transformer. This transformer is installed in each wind turbine 
as interface between the wind turbine system and the collection grid. 
132kV 
33kV 
 
0.69kV 
0.4kV 
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 Auxiliary transformer. This transformer is used to supply the auxiliary load or 
generation in the offshore wind farm. This transformer can also be used as earth-
ing transformer of the ungrounded collection grid. This transformer is used as 
interface between the auxiliary system and the collection grid. 
 
In general, the transformer is a highly complex component and behaves differently at 
steady state and during transient conditions. Besides normal operation, for a wind farm 
developer three transformer operations are important: Switching in, switching out and 
fault. Hence a transient transformer model should be able to predict correctly the fol-
lowing: 
 During switching in operation: Voltage transfer between windings and inrush 
current. 
 During switching out operation: Ring down voltage and residual flux. 
 During fault conditions: Voltage and current on each side of the transformer. 
 
However, a model that can accurately represent all of these phenomena is not available 
yet in any EMT program. For modelling purposes, three divisions can be made: 
 Steady state transformer model: the series and parallel impedance at rated fre-
quency should be correctly represented, as well as the voltage ratio between 
windings and voltage/current shift. This model is available as standard compo-
nent in EMT programs. 
 Low frequency transformer model: the saturation characteristic of the trans-
former should be accurately represented. This model is available as standard 
component in EMT programs. 
 High frequency transformer model: the frequency dependent characteristics of 
the transformer model could be based on geometrical data [45], [46], using Fi-
nite Element Method (FEM) [47], with lumped elements [48], with transmission 
lines [49], a combination of multiconductor transmission lines and lumped ele-
ments [50] and from variable frequency measurements [10], [11]. The models 
based on geometrical data are regarded as Grey box models and the models 
based on frequency measurements on the terminal of the transformer as Black 
Box models. This model is not available as standard component in all EMT pro-
grams. 
 
The values of different components based on manufacturer datasheet values will be la-
belled datasheet or theoretical in the next sections and used throughout the document. 
 
In insulation coordination studies it is a common practice to add capacitances at the 
terminals of the standard transformer models to account for the high frequency behav-
iour of the transformers: capacitances between the primary winding and ground, be-
tween windings and between secondary winding and ground. These capacitances should 
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be provided by the transformer manufacturer to enable the wind farm developer to per-
form correct simulations. 
 
In this project the steady state and low frequency transformer models were considered 
sufficient for the analysed switching operations. This assumption was validated in sec-
tion 4.4.  
 
On the other hand, recent work has been done on the improvement of low frequency 
transformer models [51]. Future work is expected on model comparison, since DONG 
Energy has joined the KMB project ―Electromagnetic Transients in future Power Sys-
tems‖ [74], if the necessary information is provided by the wind farm transformer and 
wind turbine transformer manufacturers.  
 
Extended information regarding transformer modelling can be found in [44]. 
 
The description of the FRAX-101 and AIP is split in two sections: 2.3.3.2 and 3.1. In 
section 2.3.3.2 the internal diagram is shown to explain the corrective procedure of the 
frequency domain measurements; while in section 3.1 a more practical explanation of 
the measurement equipment is shown. 
2.3.1 Steady state transformer model 
As mentioned before, this model is available as standard model in EMT programs like 
PSCAD. For this model it is important to correctly define the rated values of the trans-
former. No geometrical information is required. The necessary electrical information is: 
• Rated power 
• Rated primary voltage 
• Rated secondary voltage 
• Copper losses 
• No load losses 
• Short circuit impedance. 
 
In [33], the analysis of time-domain measurements on the primary and secondary sides 
of a wind turbine transformer in a large offshore wind farm, during one switching op-
eration in the collection grid is presented.  
The analysed measurement results during the entire switching operation for both sides 
of the transformer are shown in Figure 2-3. Here the active and reactive power change 
suddenly after the switching operation occurred. It is possible to see in the upper plot 
the reactive power difference between primary and secondary sides of the transformer 
during the entire measurement time. However, no noticeable difference is present in the 
active power.  
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Figure 2-3: Calculated active power (P) and reactive power (Q) and measured RMS 
current (I) and RMS voltage (V) on both sides of the power transformer during the en-
tire switching operation. The calculation results from each side of the transformer are 
plotted with one line type: low voltage side (LV) in solid lines and medium voltage 
(MV) side in dashed lines. Each phase RMS voltage and RMS current is plotted with 
one colour: phase A in blue; phase B in green and phase C red. Upper plot: Active and 
reactive power. Middle plot: RMS current. Lower plot: RMS voltage. Adopted from 
[33]. 
 
After the switching operation occurred, the current decreases suddenly and then after 
800ms, the final conditions are reached. In the same way, the voltage increases after a 
sudden voltage drop, and then after 800ms the initial voltage magnitude is reached. 
 
In order to extract some information of the wind turbine transformer characteristics 
from the measurements, the reactive power difference between primary and secondary 
sides of the transformer (deltaQ) is plotted against the low voltage side current in Figure 
2-4. Here, also the reactive power consumption of a 4MVA 34/0.69kV transformer has 
been plotted for different impedances. This reactive power loss is caused by the leakage 
inductance in the transformer and should be current dependent. 
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Figure 2-4: Reactive power consumption of a 4MVA transformer with different imped-
ances plus the addition of 65kVAr, as well as the calculated reactive power loss in the 
power transformer at different low voltage side current levels. 
 
As expected the behaviour is quadratic, however, it does not correspond simply to the 
leakage inductance, but also to the magnetizing inductance in the transformer and 
measurement error. If the no-load losses are not taken into account at 1.1kA and 1.6kA 
a transformer with 6.5% should consume 28kVA and 59kVA; however, in the meas-
urements the values are 93kVA and 124kVA, 65kVAr higher than the theoretical val-
ues. The 65kVAr reactive power offset is only 1.6% of the transformer rating and it is a 
mixture of measurement error and magnetizing current in the transformer. This excess 
simply shows the accuracy of the measurement system, and the complexity of a real 
system. 
 
Some results of time domain measurements and simulations for steady state transformer 
models are shown in Chapter 4. 
 
It can be concluded from this section that the transient measurements on the LV and 
MV sides of the transformers can be used to calculate the leakage inductance of the 
transformer, and the current dependency has the correct quadratic trend, but the accura-
cy of the measurement system is not sufficient to measure correctly the magnetizing 
current. 
2.3.2 Low frequency transformer model 
As mentioned before, there are simplified models to account for the saturation of the 
transformers in EMT programs. In PSCAD the transformer core saturation has to be 
enabled and the magnetization current, knee point as well as the air core reactance have 
r 
r 
r 
r 
r 
r 
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to be stated. In PSCAD an analytical function approximation to represent the saturation 
curve is implemented, based on the given information. If necessary, the residual flux in 
the transformer can be induced with additional DC current sources connected to the low 
voltage winding of the transformer prior to the switching operation. The magnitude of 
the DC current is chosen to establish the desired level of residual flux. 
 
Previous measurements were performed by DONG Energy, where the inrush current of 
a 4MVA wind turbine transformer at Burbo Bank Offshore Wind Farm was recorded 
during energisation. These measurements were used to validate the saturation character-
istic of the 4MVA transformer model in [19]. The transformer model used in PSCAD is 
the classical transformer model. Previous work has been done with similar measure-
ments from Nysted Offshore Wind Farm in [23]. 
 
It can be concluded from this section that the low frequency transformer model for in-
rush studies has been validated and used successfully for transient studies in different 
offshore wind farms, but for the future it is recommended that transformer manufactur-
ers are asked to provide models up front to facilitate more accurate modelling before the 
wind farms are built. 
2.3.3 High frequency transformer model 
As mentioned before, Grey box and Black Box models can be created if sufficient in-
formation is available. The following section covers extensively how the Grey box, 
Black Box and simplified transformer model can be developed. In section 2.3.3.2 it is 
shown how to develop a Black Box model for a 100kVA transformer. Finally, in section 
2.3.3.3 a model based on simplified Frequency Response Analysis (FRA) or Sweep 
Frequency Response Analysis (SFRA) measurements is shown. Additionally, in section 
2.3.3.4, the model based on simplified FRA measurements of a wind turbine transform-
er is compared to the capacitances provided by the wind turbine transformer manufac-
turer. 
2.3.3.1 Grey box transformer model 
High frequency waves are commonly studied using internal (Grey box) models that 
consider the propagation and distribution of the incident impulse along the transformer 
windings. In this type of models an internal representation of a differential segment of a 
single transformer winding can be developed. This differential segment can be further 
described by distributed parameters or as a ladder connection of lumped parameters. 
The lumped parameters can be entered into EMT programs or by solving the corre-
sponding state-space equation [44]. This type of model was not used during this project. 
2.3.3.2 Black Box transformer model 
Several measurements were performed on a 100kVA transformer at DTU (Figure 2-5): 
the recommended SFRA, additional SFRA and the admittance matrix measurements. 
These three types of measurements will explained in sections 2.3.3.2 and 2.3.3.3. Only 
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the admittance matrix measurement results will be discussed in this section; the results 
and analysis of the recommended and additional SFRA measurements will be explained 
in section 2.3.3.3.  
 
In general, this section will show the following method to adapt FRA measurements for 
transformer wide band modelling as proposed in [54] and applied in [35]: 
 
1. Measure diagonal and off-diagonal elements in the transformer 
2. Create the measured admittance matrix Ymeas(s) 
3. Create the corrected admittance matrix Ycorr(s) 
4. Use Matrix fitting toolbox 
a. VFdriver to create the Yoriginal(s) 
b. RPdriver to create the Yperturbed(s) 
c. netgen_PSCAD to create the txt file 
5. Use the txt file in the FDTE model in PSCAD 
6. Compare PSCAD results with standard transformer model at 
50Hz, or against transient measurements. 
The procedure is explained later in this section. The main information for the transform-
er is shown in Table 2-1, as provided in the manufacturer datasheet. 
 
Table 2-1: Main information for the 
100kVA transformer 
Rated power 100kVA 
Rated voltage 10.5/0.69kV 
Impedance 3.9% 
Full load losses 1.4kW 
Connection Dyn11 
Equivalent series 
inductance at 50Hz 
0.115H/0.00055H 
Equivalent series 
resistance at 50Hz 
14.3Ω0.0683Ω 
 
Figure 2-5: Measured 100kVA transform-
er at DTU 
 
The measurements were performed with the FRAX-101 and an Active Impedance Probe 
(AIP) from Megger. The FRAX-101 is a Sweep Frequency Response Analyser that 
generates a sinusoidal voltage at a selected frequency and measures the input voltage, 
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amplitude and phase, on two input channels ―Generator/Reference‖ (Ch0) and ―Meas-
ure‖ (Ch1). The instrument stores ―Amplitude‖ and ―Phase‖ data for both Ch0 and Ch1. 
Figure 2-6 shows the FRAX-101 and its internal diagram. The FRAX-101 is designed 
to measure the transfer function between two non-grounded connections of a power 
transformer. When measurement has to be performed to a grounded connection like a 
bushing connected to the transformer tank the AIP needs to be used [78]. 
  
Figure 2-6: FRAX-101and FRAX-101 internal diagram. Adopted from [78]. 
 
It is important to mention that the FRAX-101 and AIP are instruments designed for off-
line diagnostics of transformers, specifically developed to detect winding displacement 
in power transformers or faults in the magnetic core. The attenuation signature curves 
calculated from the amplitude of the two input channels can be compared for deviations 
that indicate: 
 Core movements 
 Winding deformations and dis-
placement 
 Faulty core grounds 
 Partial winding collapse 
 Hoop buckling 
 Broken or loosened clamping 
structures 
 Shorted turns and open wind-
ings. 
 
Figure 2-7 shows in a) the connection diagram to measure the admittance matrix diago-
nal element SC1W1W and in b) the off-diagonal element SC1W1V using the FRAX-
101 and AIP of the 100kVA transformer. It is important to mention that the other termi-
nals not being measured during the frequency sweeps should be grounded correctly. The 
frequency sweeps were performed from 20Hz to 2MHz using BNC cables and clamps 
provided as standard equipment by Megger. 
 
The following equations are used in the FRAX software to calculate the magnitude (M) 
in dB and linear, as well as the admittance (Y): 
))(0/)(1(log20)( 10 sChsChsM dB   (1) 
))(0/)(1()( sChsChsM linear   (2) 
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Figure 2-7: Connection diagram to measure the transformer admittance matrix a) diag-
onal element SC1W1W and b) off-diagonal element SC1W1V. 
The Generator/Reference (Ch0) and Measured (Ch1) voltages can be extracted from the 
FRAX software for each measurement, and the admittance calculation can be done for 
the off -diagonal and diagonal elements. 
 
According to [10], the transformer terminal model can be formulated in the frequency 
domain in terms of its admittance matrix Y(s) which defines the relation between termi-
nal voltages V(s) and terminal currents I(s) in the frequency domain as: 
)()()( sVsYsI   (4) 
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It is important to mention at this stage that due to the SFRA measurement equipment 
used, the matrix is not symmetrical, and it cannot be used directly ( )()( sYsYmeas  ) 
but has to be corrected. In general, there are two basic problems: the measurement 
equipment capabilities and the measurement equipment circuit conditions during meas-
urements. A detailed explanation for this error and the necessary correction will be fur-
ther discussed, but first the measured admittance matrix has to be created. 
 
The measured admittance matrix Ymeas(s) should be built with the following diagonal 
and off-diagonal measurements: 



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(8) 
It is important to stress that the off-diagonal elements should be negative in order for the 
procedure to work properly. Once this is done, the admittance can be divided in four 
sub-matrixes Ya(s), Yb(s), Yc(s) and Yd(s) as equation (5) for simplification. 
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The magnitude of all the elements in the sub-matrixes are shown with one colour in 
Figure 2-8, Figure 2-9 and Figure 2-10 a) Ya(s) in blue, Yb(s) in red, Yc(s) in green and 
Yd(s) in cyan. 
 
The error at low frequency is especially severe in the measurements when the Genera-
tor/Reference clamp is connected to the LV-side since the impedance seen on these ter-
minals is very low, and the FRAX-101 does not have the necessary power to supply 
enough current to reach the 5V, necessary to give a satisfactory accuracy. This is clearly 
shown in Figure 2-8 where it is possible to see a very low value of Generator/Reference 
voltage at 50Hz for the terminals 4, 5 and 6, corresponding to 2W, 2V and 2U respec-
tively. This problem is reflected as errors in the sub-matrices Yb(s) and Yd(s). 
 
On the other hand, it is also possible to see that due to the voltage ratio of the trans-
former (10.5/0.69kV), the induced voltage on the LV-side is very low when the Genera-
tor/Reference clamp is connected to the MV-side. This is clearly shown in Figure 2-9 
where it is possible to see a very low value of measured voltage at 50Hz for the termi-
nals 4, 5 and 6, corresponding to 2W, 2V and 2U, respectively. This problem is reflect-
ed as errors in the sub-matrix Yc(s). 
 
In Figure 2-10 a) it is possible to see clearly the diagonal and off-diagonal measure-
ments of each sub-matrix. 
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Figure 2-8: Generator/Reference voltages magnitude at 50Hz in matrix form 
 
Figure 2-9: Measured voltages magnitude at 50Hz in matrix form. 
The measurements performed on the 100kVA transformer were corrected as proposed 
in [54] and applied in [35]. In [54] is shown the correction formulae to remove the 
asymmetry of the admittance matrix due to the insertion impedance of the measurement 
equipment. The insertion impedance corresponds to the internal impedance of the meas-
urement equipment used for each measurement; for example for the diagonal elements 
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the AIP impedance has to be taken into account, and for the off diagonal elements the 
FRAX-101 impedance has to be taken into account. The correction formula for the di-
agonal elements (10) and off-diagonal elements (11) are: 
)(
))(1(
1
)(
1
sYmeas
sYmeasZ
sYcorr ii
iiins
ii

  
(10) 
)())(1()( 2 sYmeassYcorrZsYcorr ijiiinsij   (11) 
Where Zins1 and Zins2 are the insertion impedances of the diagonal and off-diagonal ele-
ments. When performing the measurements with the AIP and FRAX-101, the Zins1 is the 
impedance from the AIP and Zins2 is the impedance from the FRAX-101.  
 
The insertion impedance now gives a row-wise scaling of the admittance matrix which 
depends on the size of the diagonal element Ycorrii(s)[54]. 
 
Figure 2-10 b) shows in blue colour all the measured elements (Ymeas(s)) and in red 
colour all the corrected elements (Ycorr(s)) of both admittance matrices, according to 
the corrective procedure proposed in [54].  
 
Now that the correction has been made, these corrected admittance matrix Ycorr(s) can 
be used in the Matrix fitting toolbox [55], where the Matlab routines VFdriver and 
RPdriver can be used. These routines have been developed by SINTEF for rational mul-
ti-port modelling of symmetrical Y-parameter and S-parameter data in the frequency 
domain, including passivity enforcement (it cannot generate power). The output is a 
rational model on pole-residue form (12), with stable poles. 
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In the case of a physical system, the following requirements apply 
1. Y(s) is a symmetrical matrix. Hence, {Rm}, D, and E are symmetric 
2. D and E are real matrices 
3. The poles and residues are either real or come in complex conjugate pairs (cau-
sality requirements) 
4. The poles are in the left half plane 
5. The model is passive, ie it cannot generate energy. For the symmetrical model, 
this implies that 
0)(
0)})((Re{


D
Y
eig
seig rat
 
(13) 
(14) 
6. The capacitance matrix E is positive 
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0)( Eeig  (15) 
 
There is no efficient method available that can fit (12) accurately while at the same time 
satisfy requirements 1-6. In the Matrix fitting toolbox [55], the approach is to first fit 
(12) while satisfying 1-4 with VFdriver.m. Requirements 5-6 are subsequently en-
forced by perturbation of model parameters with RPdriver.m. 
 
Where: 
 VFdriver.m identifies models (12) using the pole relocating Vector Fitting 
technique (VF) [12]. The applied strategy is to stack the upper triangle of an 
admittance matrix Y(s) into a single column which is next fitted by Vector Fit-
ting using a common pole set. The implementation includes relaxation of the 
nontrivially constraint [56] (improved convergence) as well as a fast implemen-
tation of the pole identification step [57] (reduced memory requirements and 
computation time). The admittance matrix output from this is Yoriginal(s). 
 RPdriver.m perturbs the model so that it becomes passive and so that E be-
comes positive real (Y-parameters). This is achieved by perturbing the eigenval-
ues of the residue matrices {Rm} and those of D and E while minimizing the 
change to the model‘s behaviour for the Y-parameters [59]. The passivity as-
sessment is based on half-size test matrices for the Y-parameters [58]. RPdriv-
er.m makes use of the routine ―quadprog‖ in the Matlab Optimization Toolbox. 
The admittance matrix output from this is Yperturbed(s). 
 
In Figure 2-10 c) it is possible to see the Ycorr(s) as the input matrix to the VFdriv-
er.m, the Yoriginal(s) as well as the deviation between Ycorr(s) and Yoriginal(s) ma-
trixes. With 100 poles, the RMS error of the fitting is 0.0084, relatively low compared 
with other RMS error values [10]. Finally in Figure 2-10 d) the Yoriginal(s) and Yper-
turbed(s) eigenvalues are shown for the entire frequency range. It is possible to see that 
the RPdriver has perturbed the model correctly so no negative eigenvalues are present in 
Yperturbed(s). 
 
Afterwards the netgen_PSCAD.m together with the Frequency Dependent Terminal 
Equivalent (FDTE) model [60] are used to export the obtained perturbed model into the 
PSCAD simulation environment. The outcome of netgen_PSCAD.m is a txt file that can 
be read by the FDTE. The Matlab code netgen_PSCAD.m and PSCAD FDTE model 
are property of SINTEF, and were made available for the current work. 
 
The Matlab code used to call the subroutines VFdriver.m, RPdriver.m and 
netgen_PSCAD.m is shown in Appendix A, on page 219. 
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In order to check that no errors have been made in the process, the magnitude of the 
sub-matrix elements in Ycorr(s), Yoriginal(s) and Yperturbed(s) are shown in Figure 
2-11. The Ya(s) elements are shown in a) Yb(s) elements in b) Yc(s) in c) and Yd(s) in 
d). Ycor(s) is shown in green, Yoriginal(s) is shown in blue and Yperturbed(s) is shown 
red. In general there are small differences at low and high frequencies between the 
measurements and the perturbed model. In Figure 2-11 it is also possible to see a reso-
nance in the diagonal elements of Ya(s) at 27kHz, and in the diagonal elements of Yd(s) 
at 180 and 700kHz. Figure 2-12 shows further comparison between the positive se-
quence impedance form the matrixes Ycorr(s), Yoriginal(s), Yperturbed(s) and the theo-
retical impedance of the transformer based on the datasheet at low frequency. 
 
Figure 2-12 a) and c) show the low-to-high and high-to-low positive sequence voltage 
ratio of the transformer, respectively. The voltage ratios from Ycorr(s), Yoriginal(s), 
Yperturbed(s) and theoretical are shown. The theoretical low-to-high positive sequence 
voltage ratio of the 100kVA transformer is 10.5/0.69kV. The low-to-high and high-to-
low voltage ratio matrixes can be calculated with (16) and (17) [10]: 
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Where Ya, Yb, Yc and Yd are the sub-matrices defined in (9). Once these voltage ratio 
matrixes are calculated, the positive sequence voltage ratio can be further computed 
(18) and (19): 
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Where 
/3-j21 eh   (20) 
In Figure 2-12 a) it is possible to see that the low to high positive sequence voltage ratio 
has a resonance frequency at 27kHz, 33kHz and 49kHz. Here, it is also possible to see 
that even if the same magnitude of voltage ratio is not kept from Ycorr(s), Yoriginal(s) 
to Yperturbed(s) the main resonance frequencies are still there. It is also seen that the 
voltage transfer from low to high voltage in the perturbed model at 27kHz is 54, almost 
four times higher than the theoretical voltage ratio of 15 at 50Hz. In a similar way, it 
can be seen in Figure 2-12 c) that the voltage ratio from high to low voltage in the per-
turbed model at 180kHz is 0.75, more than ten times higher than the theoretical voltage 
of 0.065 at 50Hz. 
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As mentioned in [10], the low-to-high and high-to-low voltage ratio matrixes could be 
measured from the open circuit matrix. However, during this project it was decided not 
to measure this matrix, but to calculate it based on the short circuit matrix. This matrix 
could be measured in future work, with the Active Voltage Probe (AVP) from Megger. 
 
The following comparison between positive sequence voltage ratio and positive se-
quence impedance from Ycorr(s), Yoriginal(s) and Yperturbed(s) is based on discus-
sions with Bjørn Gustavsen. 
 
Additionally, the positive sequence impedance of the transformer at low frequency can 
be calculated and compared with the rated parameters of the transformer from equation 
(4) and (9) as: 
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(21) 
Then, if the secondary side of the transformer would be grounded Vb=0, and a 1V volt-
age source is applied on each primary side terminal with a phase shift of 120 degrees; 
the phase currents could be calculated as 
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The results of this calculation are shown in Figure 2-12 b) and d). In Figure 2-12 b) the 
positive sequence impedance magnitude from 20Hz to 5kHz are shown for Ycorr(s), 
Yoriginal(s), Yperturbed(s) and theoretical values; even if the parameters extend to 
1MHz. 
 
In Figure 2-12 d) only the real part of the positive sequence impedance is shown. 
It is possible to see that the theoretical positive sequence impedance magnitude is slight-
ly larger than the measurements and models during the entire frequency range. On the 
other hand, the theoretical resistance is higher than the measurements and the original 
model below 400Hz; while the resistance on the perturbed model is much higher than 
the measurements, original model and theoretical value. 
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Figure 2-10 
a) b) 
c) d) 
Corrected 
Original 
Ya 
Yb 
Yc 
Yd 
Measured 
Corrected 
Figure 2-10: All elements from the admittance matrix from the 100kVA transformer at DTU a) measured, b) measured and corrected, c) correct-
ed, original and deviation between corrected and original. Finally in d) the eigenvalues of the original and perturbed admittance matrixes. 
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a) b) 
c) d) 
27kHz 
180kHz 
              700kHz 
Figure 2-11: Elements in sub-matrix groups from the admittance matrix a) Ya, b) Yb, c) Yc and d) Yd. In all figures the corrected model, original 
model and perturbed model are shown. 
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a) b) 
c) d) 
Figure 2-12: Positive sequence voltage ratio from a) low-to-high and from d) high-to-low voltage side. Positive sequence b) impedance and d) resistance 
from 0 to 5kHz. In all subplots the corrected model, original model, perturbed model the theoretical value are shown. 
27kHz 
180kHz 
 
700kHz 
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It is possible to see in Figure 2-12 b) and d) that the positive sequence impedance and 
resistance of the perturbed model is not exactly the same as the theoretical values, how-
ever, in practice the theoretical values are only valid at 50Hz and no frequency depend-
ant behaviour is provided by the transformer manufacturer. Some results of L/R ratio up 
to 15kHz on all the measured transformers are shown in section 3.2.4 on page 102. 
 
From this comparison it can be concluded that the perturbed model has been created 
correctly along the entire process, and should be stable at low frequency. So the per-
turbed model can be used in the FDTE model in PSCAD.  
 
This is further shown in Figure 2-13 where a 4.7 load has been connected to each 
phase of the LV side on the FDTE transformer and standard transformer in PSCAD. 
The datasheet information from the manufacturer has been implemented in the standard 
transformer. The 4.7 resistance has been selected, so the rated current of the trans-
former would flow through it. 
 
The results from this simulation are shown in Figure 2-14 a) and b). It is possible to see 
a clear difference on the MV-side current between the FDTE model and the standard 
transformer model. This difference on the current magnitude can be explained from the 
higher value of the positive sequence resistance of the perturbed model at 50Hz shown 
in Figure 2-12 d). However, the current imbalance cannot be explained since the ele-
ments in the Ya(s) sub-matrix are symmetrical. 
 
The positive sequence current when applying a 1V source on each MV terminal of the 
transformer can be calculated at 50Hz for the theoretical model, corrected model, origi-
nal model and perturbed model with an equation similar to (17): 
 A6.680231.0  from the theoretical model,  
 A6.680267.0  from the corrected model,  
 A4.680256.0  from the original model and  
 A3.580240.0  from the perturbed model 
But the problem of the imbalance is not obvious from this calculation either. The prob-
lem might be due to the delta connection on the MV side, or the fact that the perturbed 
model is designed for a wide band range of frequencies and simply, this model works 
better for higher frequencies. 
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Figure 2-13: PSCAD simulation with FDTE model and standard transformer model. 
  
Figure 2-14: Results from PSCAD simulations with standard transformer (std) model 
and FDTE model (fdte); a) voltages and currents at the MV side b) voltages and cur-
rents at the LV side. 
In order to test the high frequency capabilities of the perturbed model, additional time 
domain measurements were performed in the 100kVA transformer. Here, different volt-
age signals were connected to one terminal of the transformer, while the rest of the ter-
minals where left opened, grounded or loaded. Only the results from two study cases are 
shown here, the rest of the analysis and validation will be reported in [91], as well as 
additional information about the time domain measurement equipment used. 
 
a)                                  b) 
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Two study cases were performed in the High Voltage Laboratory at DTU, where time 
domain measurements were done in the 100kVA. In the Study Case 1 a 180kHz saw-
tooth wave generator with amplitude of 4V was connected to the terminal 1U of the 
transformer while the rest of the MV terminals were grounded, and the LV terminals 
were left open.  
 
A 180kHz sawtooth wave voltage was chosen because in the 100kVA transformer the 
high-to-low positive sequence voltage ratio shows a resonance frequency at 180kHz, 
and a sawtooth wave is similar to the voltage shape of re-strikes and pre-strikes meas-
ured in the MV terminals of several wind turbine transformers in Chapter 4. 
 
In the Study Case 2 a sawtooth wave generator with amplitude of 4V was connected to 
the terminal 1U of the transformer though a 30 resistor, while the rest of the MV and 
LV terminals were loaded with a 30 resistor. A 30 resistor was selected to represent 
the surge impedance of cables connected on both sides of the transformer; a similar 
connection as a wind turbine transformer would be subjected to. The connection dia-
gram for the Study case 1 and Study case 2 are shown in Figure 2-15 and Figure 2-16, 
respectively. The neutral terminal in the secondary side of the transformer is grounded 
in both study cases, but not shown in the figures. 
  
Figure 2-15: Connection diagram during 
the Study case 1 of the 100kVA trans-
former at DTU. 
Figure 2-16: Connection diagram during 
the Study case 2 of the 100kVA transform-
er at DTU. 
For each Study case, four voltages were measured 1U, 2U, 2V and 2W. Several seconds 
after the voltage generator was connected to the terminal 1U of the transformer, the sys-
tem reached steady state and 30µs were stored with a 1GSample/s/channel. Once the 
time domain measurements were stored, the voltage measured at 1U for both study cas-
es was saved in additional files (DTUSC1m1678.out and DTUSC2m1678.out). These 
files were used as input signals to controlled single-phase voltage sources in PSCAD.  
 
Then, all the terminals of the transformer were left opened, grounded or loaded depend-
ing on the Study case. In the Study case 2, all the terminals were loaded with 30 resis-
tors, and the perturbed model file (RLC_100kVA_100_RP_PSCAD.txt) was defined in 
the FDTE model. The PSCAD diagram for Study case 2 is shown in Figure 2-19, while 
the measurement and simulation results are shown in Figure 2-17 and Figure 2-18 for 
the Study Case 1 and 2, respectively. 
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Figure 2-17: Measured (m) and simulated (s) voltages during Study 
case 1 from 0 to 60µs in a) terminal 1U, b) terminal 2V , c) terminal 
2U and d) terminal 2W. Adopted from [91]. 
Figure 2-18: Measured (m) and simulated (s) voltages during Study 
case 2 from 0 to 60µs in a) terminal 1U, b) terminal 2V , c) terminal 
2U and d) terminal 2W. Adopted from [91]. 
a)             b) 
 
 
 
 
 
 
 
 
c)              d) 
a)             b) 
 
 
 
 
 
 
 
 
c)              d) 
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The used files DTUSC1m1678.out and RLC_100kVA_100_RP_PSCAD.txt can be seen 
in Figure 2-19. 
 
Figure 2-19: PSCAD diagram for Study case 2 in 100kVA perturbed transformer model 
with 180kHz sawtooth wave. 
In Figure 2-17 a) and Figure 2-18 a) it is possible to see that 180kHz sawtooth wave is 
correctly applied to the FDTE transformer in PSCAD, since the measured and simulated 
voltages overlap each other. 
 
In Figure 2-17 b), c) and d) it is possible to see a clear difference between the measure-
ments and the simulation results. In the Study case 1, the simulated voltages in the LV 
terminals of the transformer (2V, 2U and 2W) are larger than the measured ones. On the 
other hand, in the Study case 2 (Figure 2-18), the simulated voltages in 2U and 2W are 
very close to the measured ones; while the simulated voltage in 2V is three time larger 
than the measured voltage. Even further, the measured voltage at 2W in the Study case 
2 (Figure 2-18 d)) is so low than the voltage probe lower limits are reached.  
 
It is believed that the difference between measurements and simulations is because in 
the simulations the system is only modelled for 60µs, while in the measurements the 
recordings were made after several seconds, when the system reached steady state. 
However, this cannot be easily overcome digitally since the computational requirements 
increase heavily if the simulation time is extended, with a calculation speed of 
500MSample/s/channel. 
 
Other time domain measurements were realised in the 100kVA transformer, and the 
validation will be reported in [91]. 
 
However, it is important to analyse the induced voltage on the LV-side of the trans-
former when exposed to a voltage wave with a frequency similar to one of the resonant 
frequencies of the transformer. If the applied voltage in the MV-side has amplitude of 
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4V, a voltage of 270mV is expected in the LV-side; however, a voltage of 500mV was 
measured in the terminals 2U and 2V in the Study case 1, almost two times the expected 
voltage. On the other hand, a voltage of only 6mV was measured in the terminal 2U in 
the Study case 2 where all the terminals are loaded with 30. 
 
Additional measurements have been performed in the 100kVA transformer as well as in 
the 4MVA transformer from London Array, to measure the zero sequence component 
according to [102], and the results will be reported in [91]. However, these additional 
measurements were not performed in all the wind farm and wind turbine transformers 
during the project. Because of this, the developed models have incorrect zero sequence 
impedances at low frequencies (below several kHz); since all the wind farm and wind 
turbine transformers measured have one ungrounded windings (delta). 
 
From this section it can be concluded that, even if there is a considerable difference in 
the MV current between the standard transformer model with datasheet information and 
the FDTE transformer in PSCAD at low frequency, the simulation results seem repre-
sentative at high frequency. Hence, the FDTE transformer model was used in several 
Study cases in Chapter 4. 
2.3.3.3 Model based on simplified SFRA measurements 
On the 100kVA transformer at DTU (see Figure 2-5), several measurements were per-
formed: the recommended SFRA measurements, additional SFRA measurements and 
the admittance matrix measurements. Only the results from the recommended and addi-
tional SFRA measurements will be discussed in this section; the results and analyses of 
the admittance matrix measurements have been explained in section 2.3.3.2. 
 
As explained before, the idea behind the SFRA measurements is off-line diagnostics of 
transformers. Hence, it is important that the SFRA measurements are repeatable in order 
to be compared at different times during the life time of the transformer. At internation-
al level the CIGRE Brochure 342 [52] recommends four main measurements, and on the 
IEEE FRA draft [94] also four measurements are recommended: 
 
CIGRE  
 End-to-End Open  
 End-to-End Short-Circuit  
 Capacitive Inter-Winding (CIW)  
 Inductive Inter-Winding (IIW)  
IEEE 
 Open Circuit Self Admittance (OC) 
 Short Circuit Self Admittance (SC) 
 Inter-Winding (IW) 
 Transfer Admittance (TA) 
 
These different measurements from the CIGRE and IEEE are similar to each other.  
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The connection diagrams for the recommended and additional SFRA measurements are 
shown in Figure 2-20. It is important to mention that the terminals not measured on each 
sweep are left open, except for the ShortHV measurements, where the LV terminals are 
short circuited. To generalize the nomenclature for wind farm and wind turbine trans-
formers, HV has been used in this section even if the high voltage side of the wind tur-
bine transformers are MV. 
 
The recommended SFRA measurements [52] performed were: 
 OCHV: end-to-end (source on primary phase terminal). In these measurements 
the voltage signal is applied to one end of each HV-winding in turn, and the 
transmitted signal is measured at the other end. All the other terminals not being 
measured are left open. The connection diagram is shown in Figure 2-20 a). 
 OCLV: end-to-end (source on secondary phase terminal). In these measurements 
the voltage signal is applied to one end of each LV-winding in turn, and the 
transmitted signal is measured at the other end. All the other terminals not being 
measured are left open. The connection diagram is shown in Figure 2-20 b). 
 ShortHV: end-to-end short-circuit (source on primary phase terminal). In these 
measurements the voltage signal is applied to one end of each HV-winding in 
turn, and the transmitted signal is measured at the other end. All the LV-
terminals are shorted. The connection diagram is shown in Figure 2-20 c). 
 OCIW: capacitive inter-winding. In these measurements the voltage signal is ap-
plied to one end of each HV-winding and the response is measured at one end of 
the LV-winding on the same phase. The connection diagram is shown in Figure 
2-20 d). 
 
The additional SFRA measurements were also performed: 
 SelfHV: open circuit self-admittance on primary. In these measurements the AIP 
is applied to one end of each HV winding in turn. All the other terminals not be-
ing measured are left open. The connection diagram is shown in Figure 2-20 e). 
 SelfLV: open circuit self-admittance on primary. In these measurements the AIP 
is applied to one end of each LV winding in turn. All the other terminals not be-
ing measured are left open. The connection diagram is shown in Figure 2-20 f). 
 
The additional SFRA measurements were performed in all the transformers after the 
discussion with Peter Werelius from Megger in Täby, Sweden.  
 
It is important to mention at this point, that for standardization purposes the recom-
mended SFRA measurements have been defined as open or short circuit. However, due 
to the 50 internal resistance used in the SFRA equipment, the transformer would never 
achieve the open or grounded conditions as required in the open and short circuit ma-
trixes, needed to develop Black Box transformer models. 
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Figure 2-20: Connection diagram to measure the a) OCHV, b) OCLV, c) ShortHV, d) 
OCIW , e) SelfHV and f) SelfLV. 
 
The results from the recommended and additional SFRA measurements are shown in 
Figure 2-21 and Figure 2-22, respectively. In Figure 2-21 it is possible to see around 
2kHz and 4kHz a resonance in the recommended SFRA measurements OCLV and OCHV, 
respectively. Then after 20kHz, resonances appear in all recommended SFRA meas-
urements. 
 
According to [52] the natural resonance frequency can appear in the HV, LV and regu-
lating windings in certain frequency ranges depending on the size of the transformer: 
Large and Medium. Large transformers are defined as higher than 100MVA/limb and 
Medium transformers as less than 30MVA/limb. These frequency ranges are shown in 
Figure 2-21 . 
a)    b) 
 
 
 
 
 
 
 
 
c)   d) 
 
 
 
 
 
 
 
e)   f) 
 
 Modelling of offshore wind farms 
67 
 
If these frequency ranges provided in [52] are compared with the results from the rec-
ommended SFRA measurements on the 100kVA transformer, it is possible to see that: 
 OCHV resonances does not match the frequency range from Medium size trans-
former HV-winding, as the first measured resonance is lower than the given 
range.  
 OCLV resonances does not match the frequency range from Medium size trans-
former LV-winding, as the first measured resonance is lower than the given 
range. 
 ShortHV resonances does not match the frequency range from Medium size trans-
former Regulating winding, as the first measured resonance is lower than the 
given range. 
 
Maybe the reason behind this is that a small 100kVA dry-type transformer does not fit 
the ―Large and Medium‖ transformer criteria in [52]. 
 
In general, an inductive behaviour of the admittance would show in the graph as a linear 
magnitude decrease with increasing frequency, while a capacitive behaviour would 
show as a linear magnitude increase with increasing frequency.  
 
If the recommended SFRA measurements are compared with the positive sequence 
voltage ratio resonances obtained from the measured admittance matrix (27kHz, 
180kHz and 700kHz in Figure 2-12 a) and c)), it is possible to see that they match 
roughly the resonances from the OCLV. However, further work should be done in order 
to find out if this can be generalised, for all transformers. 
 
Additional work should be done comparing recommended SFRA measurements from 
different wind farm and wind turbine transformers, since extensive work has been done 
already acquiring the measurements and creating the database of SFRA measurements 
at DONG Energy. Another interesting aspect would be to compare the measurements 
done of different wind turbine transformers since the rated power and voltage is similar, 
only the cooling and construction technology has changed. 
 
The measurements OCHV, OCLV and ShortHV are inductive at low frequency and capaci-
tive at high frequency; while the measurements OCIW , SelfHV and SelfLV are capacitive 
for the entire frequency range.  
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Figure 2-21: Measured admittance from recommended SFRA test on the 100kVA trans-
former at DTU. Each group of recommended measurements are shown with a colour: 
end-to-end with source on primary (OCHV) in blue, end-to-end with source on secondary 
(OCLV) in red, inter winding (OCIW) in green and end-to-end short-circuit (ShortLV) in 
cyan. 
 
Figure 2-22: Measured admittance from additional SFRA tests on the 100kVA trans-
former at DTU. Each group of additional measurements are shown with a colour: open 
circuit self-admittance on primary (SelfHV) in dashed blue and open circuit self-
admittance on secondary (SelfLV) in dashed cyan. 
 Large      HV 
 Large      LV 
 Large      Regulating 
 Medium  HV 
 Medium  LV 
 Medium  Regulating 
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The equivalent inductance (L(s)) from a complex admittance vector (Y(s)) can be calcu-
lated as  
)()(
)(
1
)( sjXsR
sY
sZ L  
(24) 
f
sX
sL L
2
)(
)( 
 
(25) 
In a similar way, the equivalent inductance can be calculated from the first three diago-
nal elements of the corrected admittance matrix (Ycorr(1,1), Ycorr(2,2) and Ycorr(3,3)) 
and from the recommended SFRA measurements (ShortLV-1W-1V, ShortLV-1V-1U and 
ShortLV-1U-1W). The three equivalent inductances from the corrected admittance ma-
trix can be further averaged for certain frequency range, and the average inductance can 
be calculated (
AvgYcorrL ). The three equivalent inductances from the recommended 
SFRA can be also averaged for certain frequency range, and the average inductance can 
be calculated measurements (
LVAvgShort
L ). The averaging limits for these two average 
inductances are 70Hz to 3kHz. All of these inductance values are shown in Figure 2-23.  
 
Figure 2-23 Calculated inductances from the corrected admittance matrix (Ycorr) and 
end-to-end short-circuit tests (ShortLV) as well as their corresponding averaged (Avg) 
inductances from 70Hz to 3kHz.The theoretical inductance referred to the primary side 
based on manufacturer information (Theoretical) is also shown, as well as the averaging 
limits. 
 
In Figure 2-23, the theoretical inductance referred to the primary side based on manu-
facturer information (Theoretical) is also shown. 
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Next, the admittance elements from the corrected admittance matrix (Ycorr(1,1), 
Ycorr(2,2) and Ycorr(3,3)) and from the recommended SFRA measurements (ShortLV-
1W-1V, ShortLV-1V-1U and ShortLV-1U-1W) can be plotted to find the resonance fre-
quencies of each group of admittances. This is shown in Figure 2-24. The resonance 
frequency from the corrected admittance matrix (
AvgYcorrres
f ) is 27kHz and 101kHz from 
the recommended SFRA measurements (
LVAvgShort
resf ).  
 
If the two averaged inductances (
AvgYcorrL and LVAvgShortL ) are used together with the two 
resonance frequencies (
AvgYcorrres
f and 
LVAvgShort
resf ) of the three diagonal elements of the 
corrected admittance matrix and the recommended SFRA measurements, respectively; 
two averaged admittance can be calculated: AvgYcorrY from the corrected admittance ma-
trix and 
LVAvgShort
Y from the recommended SFRA measurements. At the resonance fre-
quency of the averaged admittance from the corrected admittance matrix the following 
applied: 
  AvgYcorrresAvgYcorr Lf
C
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In a similar way for the averaged admittance from the recommended SFRA measure-
ments: 
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(31) 
Here, the averaged inductance is combined in parallel with the averaged capacitance to 
fit the measured resonance frequency. This is shown in Figure 2-24. Also in this figure 
is shown the theoretical admittance (Theoretical) referred to the HV side of the trans-
former, with the datasheet values stated by the transformer manufacturer as. 
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(32) 
In practice, a small MATLAB routine was created to estimate: 
1. The averaged inductances 
2. The resonance frequency 
3. The averaged capacitance 
4. The averaged admittance 
and used for the corrected admittance matrix (Ycorr) and recommended SFRA meas-
urement (ShortLV). The averaging limits were defined from 70Hz to 3kHz manually. 
 
Additionally, another MATLAB routine was created to calculate the resistance and in-
ductance from an impedance vector, as well as the capacitance and conductance from an 
admittance vector. 
 
Figure 2-24: Calculated admittances from the corrected admittance matrix (Ycorr) and 
end-to-end short-circuit tests (ShortLV) as well as their corresponding averaged admit-
tance (Avg). The theoretical admittance referred to the primary side based on manufac-
turer information (Theoretical) is also shown. The resonance frequencies used to calcu-
late the approximated capacitance in parallel with the inductance are shown for the ad-
mittance matrix (Ycorr) and the end-to-end short-circuit test (ShortLV). 
 
The equivalent capacitances from the measurements OCIW, SelfHV and SelfLV can be 
calculated, in a similar way. This is shown in Figure 2-25 together with the averaged 
capacitances calculated before (
AvgYcorrC and LVAvgShortC ). Here, it is possible to see that 
the averaged capacitances for the corrected admittance matrix ( AvgYcorrY ) and the end-to-
[S
] 
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end short-circuit test (
LVAvgShort
Y ) are close to the equivalent capacitances from the meas-
urements OCIW. 
 
Figure 2-25: Measured capacitances from recommended SFRA interwinding test 
(OCIW), additional SFRA tests on the HV (SelfHV) and additional SFRA tests on the LV 
(SelfLV). The averaged capacitances (Avg) for the resonance frequencies for the correct-
ed admittance matrix (Ycorr) and the end-to-end short-circuit test (ShortLV) are also 
shown. 
 
Table 2-2 shows the averaged equivalent inductances and capacitances for the three 
diagonal elements of the admittance matrix ( AvgYcorrY ) and the three measurements of the 
recommended SFRA ShortLV (
LVAvgShort
Y ). 
 
From Figure 2-25 it can be concluded that the measured interwinding capacitance 
(OCIW) is very similar to the averaged capacitances that match the resonances frequency 
of the three diagonal elements of the admittance matrix ( AvgYcorrY ) and the three meas-
urements of the recommended SFRA ShortLV (
LVAvgShort
Y ).  
 
However, only the resonance frequency of 27kHz from AvgYcorrY match the low-to-high 
positive sequence voltage ratio calculated in the previous section. This is due to the cal-
culation method of the low-to-high positive sequence voltage ratio where the –Ya-1 and 
Yb sub-matrixes are used (see equation 16). In a similar way the high to low positive 
sequence voltage ratio is calculated with the Yc and –Yd-1 sub-matrices (see equation 
17). Future work should be done on this topic to confirm if the correlations between the 
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back box measurements and the SFRA measurements discovered in the 100kVA trans-
former, are valid for all type of transformers or not. 
 
Table 2-2: Averaged equivalent inductances and capacitances for the three diagonal 
elements of the corrected admittance matrix ( AvgYcorrY ) and the three measurements of the 
recommended SFRA ShortLV (
LVAvgShort
Y ). 
 Inductance Resonance frequency Capacitance 
AvgYcorrY  
0.169H 27kHz 0.2026nF 
LVAvgShort
Y  0.225H 101kHz 0.0110nF 
 
Even further, the parallel resonance frequency can be calculated for different equivalent 
capacitances and inductances as: 
  CL
fres 2
2
1
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(33) 
The inductance range used is 0.01H to 0.5H (as Figure 2-23) and the capacitance range 
is 0.01nF to 1nF (as Figure 2-25). The approximated resonance frequency for the cor-
rected admittance matrix ( AvgYcorrY ) is shown in Figure 2-26, the resonance frequency of 
the recommended SFRA ShortLV (
LVAvgShort
Y ), as well as the maximum (500kHz) and 
minimum (7kHz) of the inductance and capacitance range. The different colours in the 
surface plot represent the different frequency ranges. It is possible to see that the reso-
nance frequency changes very drastically only at very low capacitance and low induct-
ance values; while in the rest of the surface the resonance frequency is less than 
100kHz. 
 
A similar calculation was done for measurements on TR1, a 120MVA wind farm trans-
former for an offshore wind farm, reported in [34]. The total series resistance and in-
ductance results for TR1, test type 1P-1N [Short 2W-2V-2U] (similar to ShortLV) for 
different tap changer positions is shown in Figure 2-27. The capacitance between prima-
ry and secondary windings of TR1 for 1W-2W [Open] (similar to OCIW) measurements 
for different tap changer positions is shown in Figure 2-28. 
 
In the upper plot Figure 2-27 the measured total series resistance is shown for the con-
nection 1W-1N, 1V-1N and 1U-1N in tap 10; while for 1W-1N the tap position was 
varied from tap 1 to 9. Also the theoretical value based on the transformer´s datasheet is 
shown (Theory). It can be seen in this figure that the equivalent series resistance de-
crease as the tap changer position increase. 
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Figure 2-26: Resonance frequencies in 100kVA transformer for different equivalent 
inductance and capacitances. 
 
In the lower plot Figure 2-27 the measured total series inductance is shown for the con-
nection 1W-1N, 1V-1N and 1U-1N in tap 10; while for 1W-1N the tap position was 
varied from tap 1 to 9. Also the theoretical value based on the transformer´s datasheet is 
shown (Theory). It can be seen in this figure that the equivalent series inductances de-
crease as the tap changer position increase. 
 
It can also be seen in Figure 2-27 that the first resonance frequency in the transformer 
shifts to a higher value as the tap changer increase, due to the lower series inductance. 
 
The connection 1P-1N [Short 2W-2V-2U] is equivalent to the frequency response of 
stray losses (FRSL) [79], where the equivalent resistance as seen from the HV side is 
defined as the contribution of the short circuit cable and both winding resistances. How-
ever, the empirical model presented in [80], does not match the measurements reported 
here. Recent work has shown that winding losses can be estimated for a combined in-
fluence of the proximity and skin effect [81]. In section 3.2.4 the frequency variation of 
L/R, R/Rdatasheet and L/Ldatasheet ratios in the measured transformers is shown. 
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Figure 2-27: Total series resistance and inductance results for TR1, test type 1P-1N 
[Short 2W-2V-2U] for different tap changer positions. Upper plot: resistance. Lower 
plot: Inductance. Adopted from [34]. 
  
Figure 2-28: Capacitance between primary and secondary windings of TR1 for 1W-2W 
[Open] measurements for different tap changer positions. Adopted from [34]. 
5.5nF 
13nF 
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In Figure 2-28 the capacitance between primary and secondary windings of TR1 for 
1W-2W [Open] (similar to OCIW) measurements for different tap changer positions are 
shown. The tap changer position was changed from position 1 to 21, the entire range of 
tap positions possible in the transformer. Here, it is possible to see how the capacitance 
between windings increases between 1kHz and 10kHz, as the tap position increases. 
 
Finally, the parallel resonance frequency was calculated for different equivalent capaci-
tances and inductances. The inductance range used is 0.01H to 1H (as Figure 2-27) and 
the capacitance range is 5nF to 15nF (as Figure 2-28). The calculated parallel resonance 
frequency is shown in Figure 2-29, the resonance frequency of the recommended SFRA 
ShortLV of 10kHz (reported in [34] and shown in Figure 3-14), as well as the maximum 
(22kHz) and minimum (4kHz) of the inductance and capacitance range are also shown 
in this figure. 
 
If Figure 2-26 and Figure 2-29 are compared, it is possible to see that the resonance 
frequency range varies dramatically between the 100kVA dry-type transformer and the 
120MVA oil-cooled transformer. Where in the 100kVA transformer the lowest and 
highest resonance frequency are 7kHz and 500kHz, respectively; while in the 120MVA 
transformer the lowest and highest resonance frequency are 4kHz and 22kHz, respec-
tively. A similar result as compared with the CIGRE Brochure 342 [52] where there is a 
difference between the Large and Medium size transformers. 
 
Figure 2-29: Resonance frequencies in 120MVA transformer for different equivalent 
inductance and capacitances. 
 
10kHz 
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2.3.3.4 Model based on capacitances from manufacturer 
The typical stray capacitances of Core-form transformers, from 1MVA to 75MVA are 
shown in Table 2-3. It is possible to see from this table and Figure 2-28, that the meas-
ured equivalent capacitance high-voltage winding to low-voltage winding (CHL) from 
the 120MVA wind farm transformers match the typical capacitance range from 5.5nF to 
13nF. 
Table 2-3: Typical capacitance of Core-form transformers. Adopted from [99]. 
Transformer rated capacity CHG [nF] CHL [nF] CLG [nF] 
1MVA 1.2-14 1.2-17 3.1-16 
2MVA 1.2-16 1-18 3-16 
5MVA 1.2-14 1.1-20 5.5.-17 
10MVA 4-7 4-11 8-18 
25MVA 2.8-4.2 2.5-18 5.2-20 
50MVA 4-6.8 3.4-11 3-24 
75MVA 3.5-7 5.5-13 2.8-13 
 
Furthermore, for one dry type wind turbine transformer the manufacturer provided 
equivalent terminal capacitances of the transformer, so for comparison the measure-
ments with the FRAX-101 and AIP needed to create a wide band transformer model 
were performed as well as the recommended and additional SFRA measurements. 
The capacitances calculated from the recommended inter winding test (OCIW), addition-
al tests on the HV (SelfHV) and additional tests on the LV (SelfLV), as well as the capaci-
tances provided by the manufacturer (CHL, CHG and CLG) are shown in Figure 2-30. The 
CHL is the capacitance between high-voltage winding and low-voltage winding per 
phase, CHG is the capacitance from high-voltage winding to ground per phase and CLG is 
the capacitance from low-voltage winding to ground per phase.  
 
In Figure 2-30 there is a small subplot on the figure, where the entire range of capaci-
tance values is shown, however only the positive values of the capacitance has a physi-
cal meaning. It can be observed that: 
 The capacitances from the OCIW and the CHL are very close in the frequency 
range 3kHz to 2MHz. 
 The capacitances from the SelfHV and the CHG are very close in the frequency 
range 3kHz to 2MHz. 
 The capacitance from the SelfLV and the CLG are very different in the entire fre-
quency range. 
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Figure 2-30: Measured capacitances from recommended inter winding test (OCIW), ad-
ditional tests on the HV (SelfHV) and additional tests on the LV (SelfLV). The equivalent 
capacitances provided by the manufacturer between high-voltage winding and ground 
(CHG), high-voltage winding to low-voltage winding (CHL) and low-voltage winding to 
ground (CLG) are shown also in the figure. 
According to [100], the equivalent stray capacitances of dry type transformers are ap-
proximately ten times smaller compared with the core-form transformers. The capaci-
tance values provided from the manufacturer, from FRA measurements, from the rec-
ommended IEEE values [76] and the Typical Core-form 1MVA capacitances [99] di-
vided by ten are shown in the table below. 
Table 2-4: Capacitance values provided from the manufacturer, from FRA measure-
ments, from the recommended IEEE and the Typical Core-form 1MVA capacitances 
[99] divided by ten. 
Capacitance Manufacturer Measured at 
10kHz 
IEEE* Typical  
CHG[pF] 200 400 900 to 10000 120 to 1400 
CHL[pF] 300 400 900 to 10000 120 to 1700  
CLG[pF] 900 3400 900 to 10000 310 to 1600 
*effective capacitance of 1 to 10MVA transformers with system voltage from 15 to 121kV, for three-
phase ungrounded faults. 
 
120pF 
1700pF 
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Even if the measured capacitances and the provided capacitances from the manufacturer 
are not exactly the same, the range of values is representative. For this reason, in Chap-
ter 4, equivalent transformer capacitances, based on SFRA measurements, were used in 
some cases like: 
 Wind turbine disconnection in section 4.2.1 
 Wind turbine connection in section 4.2.2 
 Radial connection with measurement equipment in section 4.3.1 
 Radial disconnection with measurement equipment in section 4.3.2 
 Radial connection without measurement equipment in section 4.3.3 
 Wind turbine transformer connection in a radial with measurement equipment in 
section 4.3.4 
 Wind turbine transformer disconnection on radial with measurement equipment 
in section 4.3.5 
 Capacitor bank connection in section 4.3.6 
 Wind farm disconnection and connection due to maintenance work in section 
4.4.1 
 Wind farm export system connection in section 4.4.2 
 Wind farm export system disconnection after a fault in section 4.4.3 
 Capacitor bank connection in section 4.5.1 
 Cable connection in section 4.5.2 
 
It can be concluded from this section that high frequency transformer models have been 
created successfully as Black Box models and as simplified transformer model based on 
capacitances from SFRA measurements and based on capacitances from manufacturer.  
However, for the future it is recommended that transformer manufacturers are asked to 
provide models up front to facilitate more accurate modelling before the wind farms are 
built. 
2.4 Cable 
As mentioned before, extensive work has been done regarding insulated cable model-
ling [44] and IEEE guidelines are available [13]. However, there are still interesting 
things to improve; for example, the recent PhD project [61] improved the available ca-
ble model in PSCAD with respect to correctly modelling the physical layout of the 
screen and account for the proximity effect between cores and sheaths in long AC ca-
bles. A comprehensive procedure from field measurements to model validation is re-
ported in [62]. 
Other recent work has been done on admittance matrix measurements on a cable [63] as 
well as a systematic approach for calculating electrical per-unit-length parameters of 
signal cables by the finite-element method in the UFIELD software [64]. 
 
 Modelling of offshore wind farms 
80 
In late 2009, it was decided to start a MSc-project [66] to use the FRAX-101 and AIP 
on single phase and three-phase cables. The single-phase cable measurements were 
done at DTU on a 17.5kV cable, and three different three-phase cables were measured: 
 Drummed three-phase copper cable: 36kV with cross section of 185mm2 and 
40mm
2
 of copper screen 
 Laid three-phase copper cable: 36kV with cross section of 185mm2 and 40mm2 
of copper screen in Nysted Offshore Wind Farm 
 Laid three-phase aluminium cable: 36kV with cross section of 185mm2 and 
20mm
2
 of copper screen in Nysted Offshore Wind Farm. 
 
In general, open circuit and short circuit measurements were done with the FRAX-101 
and AIP, as well as Standard measurements. The Standard measurements will be ex-
plained later in this section. However, the measurements have not been used yet for 
modelling purposes. Some of the results from these measurements are shown in Chapter 
3. 
 
In all the simulations performed in this project and reported in this thesis, the cables 
used were modelled as PI sections or Frequency Dependent (phase) models, available in 
PSCAD as standard models. 
 
According to the PSCAD manual [68]: 
 The PI section model will give the correct fundamental impedance, but cannot 
accurately represent other frequencies unless many sections are used. This mod-
el is suitable for very short lines where the travelling wave models cannot be 
used, due to time step constraints. 
 The Frequency Dependent (Phase) model is basically a distributed RLC travel-
ing wave model, which incorporates the frequency dependence of all parameters. 
This model represents the frequency dependence of internal transformation ma-
trices [69] and [70]. 
 
The following sections will present how the geometrical information available from the 
as-built information of offshore wind farm cables has been corrected to be used in the 
Frequency Dependent (phase) model in PSCAD as well as how some FRA measure-
ments were done on the cables. 
2.4.1 Cable model based on geometrical information 
According to the IEEE guidelines [13] the resistivity of the core c and the relative 
permittivity 1r of the insulation have to be corrected in order to create the Frequency 
Dependant (phase) model in PSCAD based on the geometry. 
Due to stranding in the conductor, the resistivity of the cable has to be increased as (34): 
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Where c' is the resistivity of the annealed core material at 20C, 1r is the radius of the 
core and cA is the cross-section area of the core. Once this is done, the relative permittiv-
ity of the insulation has to be corrected to account for the semiconducting screens as 
(35): 
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Where 2r is the inner radius of the sheath, C  is the cable capacitance stated by the manu-
facturer, and the vacuum permittivity 120 10854.8
 (F/m). 
2.4.2 Frequency response measurements in cables 
The connection for the Standard measurements performed in the single-phase cable at 
DTU is shown in Figure 2-31 a). It is possible to see here that the sheath and the core of 
the receiving end (A and AS) are shorted and the FRAX clamps are connected to the 
sheath and core of the sending end (a and as). 
 
In a similar way, the measurements were performed on a drummed three-phase cable 
and on two laid three-phase cable in Nysted Offshore Wind Farm. The sheath and the 
core of the receiving end (A and AS) are shorted and the FRAX clamps are connected to 
the sheath and core of the sending end (a and as). It is important to mention that all oth-
er cores and sheaths are grounded on both ends, as well as the armour. Some of the re-
sults reported in [66] are shown in Chapter 3. 
 
It was chosen to compare only the Standard measurements in this report because the 
series impedance of the cable can be measured this way; also, it is clear in these meas-
urements how the resistance, inductance and then capacitances influence the shape of 
the admittance at different frequencies. 
 
Future work with these FRA measurements and model implementation at DTU in coop-
eration with DONG Energy, to test if the entire cable system of an offshore wind farm 
can be created based on wide band model of components like cables, transformers, reac-
tors and filters; and to compare the results against measurements and against simula-
tions with standard models. 
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Figure 2-31: Connection diagrams to perform Standard measurement using the FRAX 
on a) single phase cable and b) three phase cable. Adopted from [66]. 
2.5 Detail model of vacuum circuit breakers 
During connections and disconnections of vacuum circuit breakers, four main phenom-
enon occur in the component: current chopping, high frequency quenching, re-strikes 
and pre-strikes. 
 
A detailed vacuum circuit breaker model has been created in PSCAD with standard con-
tinuous system model function blocks, based on [7]. Here the dielectric strength and 
high frequency quenching capability of the breaker has been implemented as:  
BttAU open  )(  (36) 
))((_ BttALIMITTRVU open 
 
(37) 
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(39) 
Where A, B C and D are values that depend on the breaker technology and rated voltage 
of the circuit breaker. U is the voltage across the circuit breaker contacts, kaf is ampli-
a) 
b) 
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tude factor (1.4), kpp first pole to clear factor (1.5), E_MAG is the breaker rated voltage 
and topen is the moment of contact separation. The rate-of-change of the current di/dt at a 
current zero, determines whether or not there is successful arc extinction.  
The current chopping capabilities of the breaker has also been implemented, but not yet 
validated since the available current measurements do not have sufficient accuracy. This 
model has been implemented in PSCAD and compared successfully with EMTP-RV 
[26], with ATP [71] and DigSILENT [28]. 
 
Recent work [8] has shown that a second order polynomial equation can be used suc-
cessfully to approximate the dielectric withstand curve in the vacuum circuit breaker. 
However, it was decided in this project to use equations (28), (29) and (30) since refer-
ence A, B, C and D parameters are available in the literature [98]. The values are shown 
in Table 2-5. 
Table 2-5: A, B, C and D reference parameters [98]. 
 A [V/µs] B [kV] C [A/s
2
] D [A/µs] 
High 17 3.4 -0.34x10
11
 255 
Medium 13 0.69 0.31x10
12 155 
Low 0.47 0.69 1x10
12 190 
 
 
The comparison between measurements and simulations for closing and opening 
switching operations in wind turbines and collection grid, where pre-strikes and re-
strikes appear, is shown in Chapter 4. In general, it was possible to reproduce accurately 
closing and opening switching operations, however, the system parameters surrounding 
the VCB appear to have equal importance as the internal parameters of the detailed 
VCB model. 
 
It has been shown in this research that a detailed model of VCB can be fitted to meas-
urements made in situ on VCBs in offshore wind farms, but for the future it is recom-
mended that VCB manufacturers are asked to provide validated models up front to facil-
itate more accurate modelling before the wind farms are built. 
2.6 Wind turbine model for EMT simulations 
As mentioned before, there is no standard model for wind turbines with full converter 
for EMT simulations, so in most of the studies performed the converter was modelled as 
an ideal voltage source or an open circuit. However, the wind turbine transformer, reac-
tor, high frequency filter and low voltage loads were included in the simulations. These 
elements were modelled as standard components with the information available from 
the manufacturer. 
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In [27] and [67] it was shown that detailed wind turbine models for EMT simulations 
are needed to simulate the disconnection of a radial in an offshore wind farm under pro-
duction. A similar situation as in [15], but only the radial was disconnected, not the en-
tire wind farm. In [27] and [67] the VCB of the radial feeder is disconnected, and the 
wind turbines in the radial were under power production. The main measurements and 
simulation results are shown in section 4.3.2 on page 138.  
 
On the other hand, in [30] it was shown that: 
 there is a difference in the transient response of the voltage at the PCC and MV 
terminals of the wind farm transformer if all the wind turbines in a wind farm 
are included in the simulations, or if only 15 wind turbines are included 
 There is no difference in the transient response of the voltage at the PCC and 
MV terminals of the wind farm transformer, if all the wind turbine converters in 
a wind farm are included in the simulations as a voltage source or as an open 
circuit. 
 
It has been shown in this research that validated wind turbine models for EMT simula-
tions are needed, for some overvoltage studies, but for the future it is recommended that 
wind turbine manufacturers are asked to provide models up front to facilitate more ac-
curate modelling before the wind farms are built. 
2.7 Synchronous machine model for EMT simulations 
Synchronous generators are not widely used at the moment as wind turbine generators 
in offshore wind turbines; however, many future wind turbines will be equipped with 
permanent magnet synchronous generators. Especially if the rated power of wind tur-
bines increase at the same rate as in the latest years. 
In general the information needed to use a synchronous model in PSCAD is: 
 Direct axis synchronous reactance, unsaturated 
 Quadra. axis synchronous reactance, unsaturated 
 Open circuit time constant 
 Direct axis transient reactance saturated 
 Short-Circuit transient time constant 
 Direct axis sub transient reactance saturated 
 Sub transient time constant 
 Quadra. axis sub transient reactance saturated 
 Zero sequence reactance unsaturated 
 Negative sequence reactance saturated and 
 Armature time constant. 
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These values are standard values provided by the manufacturer, and if available also the 
exciters, governors, stabilisers, turbines and shafts can also be included in the digital 
model.  
 
Several studies have been done where the synchronous machine models were needed for 
EMT simulations, since no available front-end engineering standards were sufficient on 
how to solve the following problems: 
 In [25], a synchronous generator was modelled in Power Factory/DIgSILENT to 
assess the worst asymmetrical short circuit current in a typical power plant with 
a maximum of 160% DC current component. It was found that the worst asym-
metrical short circuit current would appear in the no-load scenario with leading 
power factor. Additionally, a sensitivity analysis was done on the uncertain pa-
rameters like: X/R grid ratio, generator inertia, stator leakage reactance, stator 
resistance, mechanical damping, generator saturation, excitation control and ca-
pacitances in the generator and transformer. 
 In [19], the prospective inrush currents during the energisation of wind turbine 
transformers in a large offshore wind farm during islanded operation with an 
auxiliary synchronous generator were estimated by time domain simulations 
covering different energising scenarios in PSCAD-EMTDC. The results from 
the simulations were compared with the capability curves and current limits of 
the synchronous generator. Based on the worst possible transformer energisation 
scenario, an optimised procedure to reduce the loading of the auxiliary generator 
during transient conditions has been proposed based on reduced generator termi-
nal voltage, AVR parameters and reactive power compensation element switch-
ing at the offshore wind farm substation. 
 
It has been shown in this research that validated synchronous machine models for EMT 
simulations are needed, for some problems not covered in front-end engineering stand-
ards, but for the future it is recommended that synchronous machine manufacturers are 
asked to provide models up front to facilitate more accurate modelling before the wind 
farms are built. 
2.8 Wind farm substation model for EMT simulations  
In general, wind farm substations can be located onshore or offshore, depending on the 
size of the wind farm and voltage level of the export system and external grid where the 
wind farm is connected. The wind farm substation can be the interface between: 
 the collection grid and the export system or 
 the collection grid and the external grid or 
 The export system and the external grid. 
The wind farm substation is mainly constructed with switchgear equipment, compensa-
tion equipment, wind farm transformer(s) and auxiliary systems. The level of detail on 
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which the substation is modelled for EMT simulations depends on the kind of study. For 
example in [26] the offshore substation was created in PSCAD and EMTP-RV with: 
 standard wind farm transformer model, 
 standard frequency dependent (phase) model of submarine cables and 
 detailed vacuum circuit model. 
 
In [32] several simulations were performed in PSCAD where the influence of different 
parameters in the external grid and export system were evaluated during a fault in the 
onshore substation, to estimate the Transient Recovery Voltage (TRV) across the termi-
nals of the main 132kV Line Bay GIS circuit breaker for Walney Offshore Wind Farm 
2. The rate of rise of recovery voltage (RRRV) and the maximum crest voltage (Uc) of 
the TRV across the GIS CB were compared against the standard values based on the 
type test results from the GIS. Based on the results, it was concluded that the highest 
RRRV appears on a system without additional stray capacitances, and the highest Uc 
appears when the fault is a single phase to ground. 
 
It has been shown in this research that detailed wind farm substation models are needed 
for some studies, but for the future it is recommended that the models are created to-
geather with component manufacturers during the design stage of the wind farms to 
facilitate more accurate modelling before the wind farms are built. 
2.9 External grid model for offshore wind farms EMT simula-
tions 
The external grid – ie the transmission or distribution onshore system, to which the off-
shore wind farm is connected, is normally unknown for transient studies during the de-
velopment phase of the project. Usually the only available values are the rated voltage, 
maximum short circuit current, maximum short circuit X/R ratio, minimum short circuit 
current and minimum short circuit X/R ratio. 
For some switching operation studies this information is enough [31], however, as 
shown in [30] for detailed studies an extended network should be built in order to accu-
rately represent the low frequency resonances of the external grid. 
 
It has been shown in this research that detailed external grid models are needed for 
some studies, but for the future it is recommended that the models are created togeather 
with the external grid owner/operator during the design stage of the wind farms to facili-
tate more accurate modelling before the wind farms are built. 
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3 
FREQUENCY DOMAIN MEASUREMENT RE-
SULTS FOR COMPONENTS 
This chapter presents the results of some frequency domain measurements on different 
components performed during the project. The results from different measurements are 
shown for wind farm transformers; wind turbine transformers, single phase cable and 
three phase cables. Additionally frequency domain measurements were requested for a 
wind farm reactor; and performed on several earthing transformers, wind turbine reac-
tors and high frequency filters but the results are not included in this document. 
3.1 Measuring techniques 
For all the measurements performed on transformers, cables, reactors and filters, the 
FRAX-101 and AIP from Megger were used (see section 2.3.3.2 on page 46 for detailed 
information on FRAX-101 and AIP). The FRAX-101 and AIP purchased for the project 
is shown below. Figure 3-1 shows the FRAX-101 and AIP with the power supply, 
grounding and BNC cables connected to the equipment.  
  
Figure 3-1: Left: FRA-101 with power supply, grounding and BNC cables connected. 
Right: FRAX-101 and AIP. 
The FRAX-101 is fairly compact and lightweight; additionally, it has a built-in battery, 
integrated Bluetooth wireless connection and dedicated PC software that makes it very 
easy to use in the field. 
In general, it is very important to connect correctly the BNC cables to FRAX-101 on 
one end and to the C-clamps provided as standard equipment by Megger on the other 
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end. The C-clamps are shown Figure 3-2, where the coaxial cable connections, cable 
strain relief and ground braid are noticeable for the Reference clamp and the Measure 
clamp. 
 
Figure 3-2: C-clamps provided by Megger. Adopted from [78]. 
A similar correct connection of BNC and power cables must be done when using the 
AIP. For simplicity during the measurements, the Bluetooth wireless connection be-
tween the FRAX-101 and the laptop was used. Another important aspect to achieve cor-
rect measurements is to ground the braid on each C-clamp correctly for each measure-
ment. 
The measurement set provided by Megger with the FRAX-101 is shown in Figure 3-3. 
Neither the Field Test Box (FTB) nor the calibration equipment is shown here. 
 
Figure 3-3: FRAX-101 measurement set provided by Megger. Adopted from [78]. 
 
Reference clamp 
 
 
 
 
 
 
 Measure clamp 
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A spare set of C-clamps and BNC cables were purchased in order to avoid losing time 
or an opportunity during field measurements. A set of grounding cables for wind turbine 
transformers and wind farm transformers were built at the High Voltage Laboratory at 
DTU. This is shown below. 
  
Figure 3-4: Left: grounding cables constructed for measurements in wind turbine trans-
formers. Right: grounding cables constructed for measurements in wind farm trans-
formers. 
The total amount of equipment to measure components is fairly compact and portable. 
All the measuring equipment, as well as the grounding equipment needed is shown in 
Figure 3-5. 
 
Figure 3-5: Total amount of equipment to measure a component. 
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3.2 Transformers 
As mentioned before, there has been an extensive measurement campaign on wind farm 
and wind turbine transformers. Some of the transformers were measured: 
 during programmed maintenance,  
 in warehoused were they were stored, 
 in the manufacturer factory laboratory, 
 in the assembly line of the wind turbine production facility and 
 in the assembly site of the offshore substation.  
 
The earthing transformers from Burbo Bank were measured in the onshore substation 
during maintenance, but the data analysis and model creation based on the measured 
admittance matrix has not been done yet. Future work is expected on this topic by 
DONG Energy in cooperation with DTU. 
 
All the positive sequence voltage ratio presented here, are based on the corrected admit-
tance matrix, shown in section 2.3.3.2. 
 
Table 3-1 shows a summary of the transformer measurements. 
3.2.1 Wind farm transformers 
The wind farm transformer from Burbo Bank was measured during programmed 
maintenance, when the entire wind farm was disconnected from the external grid. 
The two wind farm transformers from Walney 1 were measured, first after the manufac-
turer test in the manufacturer factory laboratory, and later again during the construction 
of the offshore substation at Bladt Industries, in Ålborg. 
 
The request for SFRA measurements, and the possibility for DONG Energy to perform 
measurements on the wind farm transformers are now included in the contracts with the 
transformer manufacturers. It is important to mention that extensive work regarding 
planning has to be made in order not to disturb the transformer manufacturer, substation 
construction work and wind farm operator. 
 
Figure 3-6 shows the wind farm transformers measured during the project: 
a) Walney 1 wind farm transformer TR1 in transformer factory, 
b) Walney 1 wind farm transformer TR2 in transformer factory, 
c) Walney 1 substation under construction, 
d) Walney 1 wind farm transformer TR1 at assembly site 
e) Burbo Bank wind farm transformer in onshore substation and 
f) Burbo Bank wind farm transformer isolated MV terminals in onshore substation. 
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Table 3-1: Summary of transformers measured during the project. 
Number Cooling 
technology 
Size [MVA] Type Wind farm Measuring location Comments 
1 Oil 90 Wind farm trans-
former 
Burbo Bank Onshore substation during maintenance The measurements were performed on top of the transformer. 
2 Oil 2x120 Wind farm trans-
former 
Walney 1 Transformer manufacturer factory laboratory in 
Poland 
The AIP was damaged so no diagonal elements were measured. 
One transformer was measured with the tap position in 1 and 
another in 21. 
Offshore substation assembly site in Denmark The diagonal elements were measured, as well as some missing 
measurements. The tap position on the transformer was set to 1 
and 21, to match the tap position of previous measurements. 
3 Oil 0.3 R&D transformer SINTEF NTNU laboratory in Norway  
4 Dry 0.1 R&D transformer DTU DTU laboratory in Denmark  
5 Dry 2.6 Wind turbine trans-
former 
Middelgrunden Stigsnæsværket warehouse in Denmark  
6 Dry 2.6 Wind turbine trans-
former 
Nysted Stigsnæsværket warehouse in Denmark  
7 Silicon 4 Wind turbine trans-
former 
Burbo Bank Burbo Bank warehouse in Liverpool  
8 Silicon 2.5 Wind turbine trans-
former 
Horns Rev 2 Siemens Wind Turbine warehouse in Denmark  
9 Silicon 4 Wind turbine trans-
former 
Avedøre Siemens Wind Turbine assembly line in Denmark The measurements were lost due to IT problems 
10 Ester oil 4 Wind turbine trans-
former 
London Array Siemens Wind Turbine assembly line in Denmark  
11 Oil 0.1 Earthing transformer Burbo Bank Onshore substation during maintenance  
12 Oil 0.15 Earthing transformer Burbo Bank Onshore substation during maintenance Not all the measurements were performed correctly, and a wide 
band model cannot be created. 
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In Figure 3-6 a) it is possible to see that the HV terminals had a porcelain bushing, 
which made the SFRA measurements and admittance matrix measurements specially 
complicated to perform. 
In Figure 3-6 b) it is possible to see that the oil chamber of the HV terminals were re-
moved, this made the SFRA measurements and admittance matrix measurements easy 
to perform. 
In Figure 3-6 c) and d) it is possible to see that the weather conditions and limited space 
at the substation construction site, made the SFRA measurements and admittance matrix 
measurements very complicated to perform. 
In Figure 3-6 e) it is possible to see that the weather conditions and available space at 
the onshore substation made the SFRA measurements and admittance matrix measure-
ments very easy to perform. Special safety measures were taken to realise the measure-
ments on top of the transformer, due to the height. The isolation of the MV and HV 
terminals of the transformer were not done with laboratory equipment, but a simple 
piece of wood worked good enough (Figure 3-6 f)). 
 
The positive sequence voltage ratio from the low to high and high to low voltage side, 
for the three measured wind farm transformers are shown in Figure 3-7 and Figure 3-8, 
respectively. 
 
In Figure 3-7 it is possible to see the first resonance frequency from low to high voltage 
side at: 
 9.9kHz for the 120MVA transformer with tap changer position on 1, 
 9.9kHz for the 90MVA transformer with tap changer position on 11 and 
 12.2kHz for the 120MVA transformer with tap changer position on 21. 
Then a second resonance frequency range appears in the three transformers from 17kHz 
to 36kHz, but the voltage ratio is not higher than the theoretical voltage ratio of 
132/33=4 in all transformers but only on the 120MVA on tap position 1. 
Finally, a third resonance frequency range appears in the three transformers from 39kHz 
to 100 kHz, where only the 90MVA transformer do not exceed the theoretical voltage 
ratio.  
 
In Figure 3-8 it is possible to see the first resonance frequency from low to high voltage 
side at: 
 13kHz for both 120MVA transformers, 
 39kHz for the 90MVA transformer. 
Then a second resonance frequency range appears in the three transformers from 80kHz 
to 130kHz. Afterwards, a third resonance frequency appears in the three transformers at 
173kHz. Finally, at 1.2MHz another resonance frequency appears on both 120MVA 
transformers, while a similar resonance frequency appears on the 90MVA transformer 
at 1.5MHz. 
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Figure 3-6: Wind farm transformers measured during the project: a) and b) Walney 1 
wind farm transformers in transformer factory; c) Walney 1 substation  and d) Walney 
1 wind farm transformer in assembly site; e) Burbo Bank wind farm transformer and f) 
isolated MV terminals of the Burbo Bank wind farm transformer in onshore substation. 
a) 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
e) 
b) 
 
 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
 
f) 
 Frequency domain measurement results for components 
94 
 
Figure 3-7: Positive sequence voltage ratio from low to high voltage side, for the meas-
ured wind farm transformers. The corrected admittance matrices of each transformer 
were used. 
 
Figure 3-8: Positive sequence voltage ratio from high to low voltage side, for the meas-
ured wind farm transformers. The corrected admittance matrices of each transformer 
were used. 
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It is important to mention that in [34] strong variations were found in the 1W-1N [Short 
2W-2V-2U] measurements (equivalent to the ShortLV discussed in section 2.3.3.3 page 
64) from 25kHz to 150kHz depending on the tap changer position on TR1 and TR2. 
These variations are shown again in Figure 3-9 and Figure 3-10.  
 
The variations on the SFRA magnitude for different tap changer positions do not seem 
directly reflected on the positive sequence voltage at least on the analysed range. Future 
work should be done together with the wind farm transformer manufacturer to explain 
the influence of the tap changer position on the internal resonance frequencies of the 
transformer, as well as in the transferred voltage between sides in the transformer. 
 
From the comparison above, it can be concluded that: 
 the positive sequence voltage ratio from low to high voltage side in all the meas-
ured wind farm transformers has a first resonance frequency around 10kHz, and 
two additional resonance frequency ranges from 17kHz to 36kHz and from 
39kHz to 100kHz.  
 the positive sequence voltage ratio from high to low voltage side in both 
120MVA wind farm transformers have a different shape, as compared with the 
90MVA transformer. The resonance frequencies vary significantly between 
wind farm rated power and tap changer position. 
  
Figure 3-9: SFRA magnitude results for TR1: 
Measurements of 1W-1N [Short 2W-2V-2U] 
for different tap changer positions and volt-
age magnitude of the FRAX. Adopted from 
[34]. 
Figure 3-10: SFRA magnitude results for 
TR2: Measurements of 1W-1N [Short 2W-
2V-2U], for different tap changer positions. 
Adopted from [34]. 
3.2.2 Wind turbine transformers 
The wind turbine transformers at SINTEF and DTU were measured for R&D purposes 
in laboratory conditions. The transformer at SINTEF has the following rated values 
300kVA, 11.4/0.23kV while the transformer at DTU has the following rated values 
100kVA, 10.5/0.69kV (see Table 2-1 on page 47). 
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Figure 3-11: Wind turbine transformers measured during the project: a) SINTEF trans-
former; b) Middelgrunden and Nysted transformers; c) Horns Rev 2 transformer; d) 
Burbo Bank transformer, e) and f) London Array transformer. 
 
The wind turbine transformers from Middelgrunden, Nysted, Horns Rev 2 and Burbo 
Bank were measured in warehouses.  
The wind turbine transformer from Avedøre and London Array were measured in the 
assembly line of the wind turbines. 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
      c) 
 
 
 
 
 
 
 
 
 
e) 
b) 
 
 
 
 
 
 
 
 
 
d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
f) 
 Frequency domain measurement results for components 
97 
 
Figure 3-12: Positive sequence voltage ratio from low to high voltage side, for the 
measured wind turbine transformers. The corrected admittance matrices of each trans-
former were used. 
 
Figure 3-13: Positive sequence voltage ratio from high to low voltage side, for the 
measured wind farm transformers. The corrected admittance matrix of each transformer 
was used. 
 
Figure 3-11 shows some of the wind turbine transformers measured during the project: 
a) SINTEF wind turbine transformer in SINTEF laboratory, 
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b) Middelgrunden and Nysted wind turbine transformers in warehouse, 
c) Horns Rev 2 wind turbine transformer in warehouse,  
d) Burbo Bank wind turbine transformer in warehouse, 
e)  and f) London Array wind turbine transformer in assembly line. 
 
In Figure 3-11 a) it is possible to see the grounding cables and clamps used on the ter-
minals not been measured as well as the C-clamps on the measured terminals. The re-
sults from the frequency domain and time domain measurements and corrective proce-
dure developed at SINTEF have been reported in [35]. 
In Figure 3-11 b) to e) is possible to see all the transformers protected from the envi-
ronment in the warehouse and the assembly line. The SFRA measurements and admit-
tance matrix measurements were performed in the transformers. 
In Figure 3-11 f) the MV and LV terminals of the transformer can be seen as well as the 
grounding clamps and cables used for the measurements. 
 
The positive sequence voltage ratio from the low to high and high to low voltage side, 
for the measured wind turbine transformers are shown in Figure 3-12 and Figure 3-13, 
respectively. 
 
In Figure 3-12 it is possible to see the first resonance frequency from low to high volt-
age side at: 
 6.5kHz for the Horns Rev 2 silicone cooled transformer, 
 8.1kHz for the Burbo Bank silicone cooled transformer, 
 8.1kHz for the London Array ester oil cooled transformer, 
 16kHz for the SINTEF oil cooled transformer, 
 24kHz for the Middelgrunden dry type transformer, 
 24kHz for the Nysted dry type transformer and 
 30kHz for the DTU dry type transformer. 
Then a second resonance frequency range appears in the three dry type transformers 
from 40kHz to 90kHz; while for the silicone and ester oil transformers the frequency 
range is from 1MHz to 2MHz. 
 
In Figure 3-13 it is possible to see the first resonance frequency from high to low volt-
age side at: 
 180kHz for the DTU dry type transformer. 
 230kHz for the SINTEF oil cooled transformer, 
 250kHz for the Middelgrunden dry type transformer, 
 270kHz for the Nysted dry type transformer and 
 280kHz for the Horns Rev 2 silicone cooled transformer, 
 400kHz for the Burbo Bank silicone cooled transformer and 
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 400 kHz for the London Array ester oil cooled transformer. 
Then there are second and third resonance frequency ranges, but no simple comparison 
can be made. 
 
From the comparison above, it can be concluded that: 
 the positive sequence voltage ratio from low to high voltage side in the meas-
ured wind turbine transformers, have a first resonance frequency strongly de-
pendent on the cooling technology of the transformer. And hence the construc-
tion of the transformer. Based on the results, the responses can be divided in two 
frequency ranges: first resonance frequency between 6kHz and 10kHz for the 
silicone and ester oil transformers, and first resonance frequency between 15kHz 
and 30kHz for the oil and dry type transformers. In most of the transformers 
there is only one main resonance frequency.  
 the positive sequence voltage ratio from high to low voltage side in the meas-
ured wind turbine transformers seems to be dependent on the cooling technolo-
gy. In most of the transformers there are many resonance frequencies above 
100kHz. 
 
According to [52], the frequency range for natural frequencies of large-size transformer 
windings (>100MVA/limb) extends from 10kHz to 1MHz, depending on the type of 
winding; while the frequency range for natural frequencies of medium-size transformer 
windings (<30MVA/limb) extends from 10kHz to 1.5MHz. All these six frequency 
ranges are shown in Figure 2-21 on page 68. It is possible to see from the previous fig-
ures in this section that: 
 the first resonance frequency from the positive sequence voltage ratio from low 
to high and from high to low voltage side all the measured wind farm transform-
ers match the low-frequency-end of the frequency range for natural frequencies 
of large size transformer windings of 10kHz. 
 the first resonance frequency from the positive sequence voltage ratio from low 
to high voltage side of the wind turbine transformers from Burbo Bank, Horns 
Rev 1 and London Array, are lower than the low-frequency-end of the frequency 
range for natural frequencies of medium size transformer windings of 10kHz. 
While the other wind turbine transformers have the first resonance frequency 
from the positive sequence voltage ratio from low to high voltage side within 
range of the frequency range for natural frequencies of medium size transformer. 
 the first resonance frequency from the positive sequence voltage ratio from high 
to low voltage side of all the measured wind turbine transformers, are within the 
frequency range for natural frequencies of medium size transformer windings. 
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3.2.3 Offline diagnostics of transformers based on SFRA measure-
ments 
An extensive database has been created at DONG Energy with all the measurements 
performed in this project, and some of these measurements are expected to be used for 
offline diagnostics purposes of wind turbine and wind farm transformers.  
An example of this is shown in Figure 3-14 where the recommended SFRA 2P-2P 
[Open] measurements on TR1 (equivalent to the OCLV discussed in section 2.3.3.3 page 
64) are shown. Here it is possible to see two resonance frequency at 10kHz and 40kHz 
slightly dependent on the tap changer position. 
Additionally, in Figure 3-15 the results from the recommended SFRA measurements 
2P-2N [Open] in three wind turbine transformers are shown. Here it is possible to see a 
resonance frequency from 6kHz to 8kHz and from 500kHz to 700kHz in the three trans-
formers. 
 
In section 2.3.3.3, it was found that some of the resonances in the OCLV recommended 
SFRA measurements match the resonance frequencies from the positive sequence low 
to high and high to low voltage side (27kHz, 180kHz and 700kHz in Figure 2-12 a) and 
c)) in the 100kVA transformer. 
 
If this relation is generalised to the wind farm and wind turbine transformer measured, 
the resonance frequency from the OCLV recommended SFRA measurements presented 
in Figure 3-14 and Figure 3-15, should match the voltage ratio shown in Figure 3-7, 
Figure 3-8, Figure 3-12 and Figure 3-13 as follows: 
 the positive sequence voltage ratio from low to high voltage side in the Oil-
120MVA-tap01 wind farm transformer should be around 10kHz as in Figure 
3-14. This match the measured resonance frequency of 9.9kHz in Figure 3-7. 
 the positive sequence voltage ratio from low to high voltage side in the wind 
turbine transformers from London Array, Burbo Bank and Horns Rev 1 should 
be between 6kHz and 8kHz as in Figure 3-15. This match the measured reso-
nance frequencies of 6.5kHz and 8.1kHz in Figure 3-12. 
 the positive sequence voltage ratio from high to low voltage side in the Oil-
120MVA-tap01 wind farm transformer should be around 40kHz as in Figure 
3-14. This does not match the measured resonance frequency of 13kHz in Figure 
3-8. 
 the positive sequence voltage ratio from high to low voltage side in the wind 
turbine transformers from London Array, Burbo Bank and Horns Rev 1 should 
be between 500kHz and 700kHz as in Figure 3-15. This does not match the 
measured resonance frequencies of 280kHz and 400kHz in Figure 3-13. 
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Figure 3-14: SFRA results in TR1 for test type 2P-2P [Open], at Test 
1 (red), Test 2 (blue) and Test 3 (green). Upper plot: magnitude. Low-
er plot: phase angle. Adopted from [34]. 
Figure 3-15: SFRA results in three wind turbine transformer for test 
type 2P-2N [Open]; London Array in blue, Burbo Bank in green and 
Horn Rev 2 in red. Upper plot: admittance. Lower plot: phase angle. 
10kHz 6kHz  to 8kHz 
40kHz 500kHz  to 700kHz 
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3.2.4 Frequency variation of equivalent inductance and resistance 
from measured transformers 
As explained in sections 2.3.3.2 and 2.3.3.3, it is possible to calculate different imped-
ances from the corrected admittance matrix and the recommended SFRA measurements. 
The positive sequence impedance can be calculated from the corrected admittance ma-
trix of the transformer models; while the equivalent impedance from the end-to-end 
short circuit test (ShortLV) can also be calculated. For both, the positive sequence im-
pedance and the equivalent impedance, an inductance (L) and resistance (R) can be 
computed for the measured frequency range. All of these parameters have been calcu-
lated for all the transformer and the results are shown in this section. First the L/R ratio 
is shown, and then R/Rdatasheet ratio and L/Ldatasheet ratio are shown. 
 
The positive sequence L/R ratio from the measured wind farm and wind turbine trans-
formers is shown in Figure 3-16, while the L/R ratio from the recommended SFRA 
ShortLV measurements is shown in Figure 3-17. In both figures the results are shown 
from 20Hz to 15kHz, and the theoretical values from a wind farm transformer (WFT) 
and wind turbine transformer (WTT) based on 50Hz datasheet information, are also 
shown here. 
 
For comparison Figure 3-18 shows the L/R ratio of the short-circuit impedance on dif-
ferent transformers [93]. Here, typical values of three transformers are shown from 
50Hz to 5kHz, where the inductance assumed to be constant. 
 
The L and R values of the 100kVA transformer (Dry-DTU) are shown in Table 2-1, 
Figure 2-12 b) and d), Figure 2-23 and Table 2-2. 
The L and R values of the 120MVA transformer (Oil-120MVA-tap01) are shown in 
Figure 2-27.  
 
In Figure 3-16 it is possible to see a clear difference below 1kHz in the positive se-
quence L/R ratio between the measured wind farm and wind turbine transformers. It is 
also possible to see that below 100Hz the measurements in all transformers are close to 
the theoretical values, except in four measurements: Oil-120MVA-tap01, Oil-London 
Array, Sil-Burbo Bank and Dry-Nysted. It is possible that in these four measurements 
there is an error in the corrected admittance matrix below 1kHz.  
In all the measured transformers the L/R ratio decreases as the frequency increase. The 
very low values of L/R after 5kHz are due to the resonances in the transformers that 
change abruptly the inductance and resistance (see Figure 2-27).  
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Figure 3-16: Positive sequence L/R ratio from the measured wind farm 
and wind turbine transformers. 
Figure 3-17: L/R ratio from the recommended SFRA ShortLV meas-
urements in wind farm and wind turbine transformers. 
Oil cooled wind farm transformers 
Dry type wind turbine transformers 
Sil/Oil cooled wind turbine transformers 
 
Wind farm transformers 
Wind turbine transformers 
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Figure 3-18: L/R ratio of the short-circuit impedance on different transformers, typical 
values. Inductance assumed to be constant. Adopted from [93]. 
In Figure 3-17 it is possible to see a clear difference during the entire frequency range in 
the L/R ratio from the recommended SFRA ShortLV between the measured Oil cooled 
wind farm transformers, Dry type wind turbine transformers and Sil/Oil cooled wind 
turbine transformers. The Oil cooled wind farm transformers show a steep decrease of 
L/R ratio from 20Hz until 10kHz where the first resonances start to appear. On the other 
hand, the Dry type and Sil/Oil cooled wind turbine transformers show a small decrease 
of L/R ratio until 1kHz and 300Hz, respectively. After these frequencies the L/R ratio 
shows a steep decrease. It is also possible to see that below 1kHz the measurements 
from Sil-Burbo Bank presents a different behaviour, but this is due to measurement er-
rors. 
 Frequency domain measurement results for components 
105 
The recommended SFRA ShortLV in wind turbine transformers is specially complicated 
to perform, due to the high voltage ratio between windings. This causes that any error 
short-circuiting the secondary side terminals of the transformer would be amplified in 
the measurements on the primary side terminals. 
Furthermore, if the results from both calculation methods (corrected admittance matrix 
and recommended SFRA ShortLV) are compared against the L/R ratio of the short-
circuit impedance (Figure 3-18), it can be seen that: 
 in all cases the L/R ratio decrease as the frequency increase and  
 in all cased the L/R ratio magnitude is dependent on the transformer rated pow-
er, the higher the rated power the higher the L/R ratio, hence the difference be-
tween the wind farm and wind turbine transformers. 
 
In order to compare the difference between the Oil-cooled wind farm transformer and 
Dry-type wind turbine transformers, two additional calculations were done where the R 
and L from two transformers were compared against the R and L from the datasheet 
information.  
 
The R/Rdatasheet and L/Ldatasheet ratio from the measured 90MVA and 100kVA transform-
ers are shown in Figure 3-19. Here the R and L from the recommended SFRA ShortLV 
measurements (SFRA) are shown, as well as the R and L from the positive sequence 
impedance calculated from the corrected admittance matrix (Ycorr). In Figure 3-19 a), 
b), c) and d) the R and L have been normalized by dividing the inductances and re-
sistances by the datasheet information at 50Hz provided by the manufacturer. Each fig-
ure has a subplot where the frequency variation from 20Hz to 100Hz is shown in linear 
scale and not in logarithmic scale. 
The results from the 90MVA transformer are shown in Figure 3-19 a) and c); while the 
results from the 100kVA transformers are shown in Figure 3-19 b) and d). The 
R/Rdatasheet ratio are shown in Figure 3-19 a) and b); while the L/Ldatasheet ratio are shown 
in Figure 3-19 c) and d). 
 
In Figure 3-19 a) and b) it is possible to see how: 
 the equivalent resistance from the SFRA measurements and the Ycorr calcula-
tion, increase as the frequency increases, until the first resonance appears.  
 the resistance in the 90MVA transformer increases more rapidly than in the 
100kVA transformer. 
 the first resonant frequency appears at 10kHz and 27kHz in the 90MVA and 
100kVA transformer, respectively.  
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Figure 3-19: R/Rdatasheet and L/Ldatasheet ratio from the measured 90MVA wind farm transformer and the 100kVA wind turbine transformers 
a) 
c) 
b) 
d) 
10kHz 
10kHz 
27kHz 
27kHz 
50Hz 
50Hz 
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In Figure 3-19 c) and d) it is possible to see how: 
 the equivalent inductance from the SFRA measurements and the Ycorr calcula-
tion, decrease slightly as the frequency increases, until the first resonance ap-
pears.  
 
From Figure 3-19 a) it is possible to see at 50Hz a measurement error in the 90MVA 
transformer of 40% in the SFRA measured resistance, and 20% error in the Ycorr calcu-
lated resistance. On the other hand, at 50Hz in the 100kVA transformer the error is -
10% in the Ycorr calculated resistance and 80% in the SFRA measured resistance 
(Figure 3-19 b)). 
 
From Figure 3-19 c) it is possible to see at 50Hz a measurement error in the 90MVA 
transformer of 5% in the SFRA measured inductance, and -3% error in the Ycorr calcu-
lated inductance. On the contrary, at 50Hz in the 100kVA transformer the error is -10% 
in the Ycorr calculated inductance and 80% in the SFRA measured inductance (Figure 
3-19 d)). 
 
This clearly shows the influence of the grounding in the secondary side of the trans-
former (recommended SFRA ShortLV) when measuring high voltage ratio transformers, 
like wind turbine transformers. 
 
In general, it can be concluded that both calculation methods can be used to estimate the 
L/R, R/Rdatasheet and L/Ldatasheet ratio of the transformers, but further work should be done 
in cooperation with the wind farm and wind turbine transformer manufacturer in order 
to find out the construction details of all transformers, since overall six different wind-
ings have been measured: foil, stripe, double helical, helical, disk and layer. However, 
for the future it is recommended that transformer manufacturers are asked to provide 
L/R, R/Rdatasheet and L/Ldatasheet ratio up front to facilitate more accurate modelling before 
the wind farms are built. 
3.3 Cables 
As explained in section 2.4.2 page 81, several measurements were performed in single 
and three phase cables. Only the results from the Standard measurements are shown in 
this section. For more information on the measurements performed see [66]. 
 
The single phase cable measurements were done at DTU. The 17.5kV 98m cable with 
cross section of 25mm
2
 and 16mm
2
 of copper screen, was first measured, drummed and 
then laid in the laboratory. 
 
The three different three phase cables measured were: 
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 Drummed three phase copper cable: 36kV with cross section of 185mm2 and 
40mm
2
 of copper screen 
 Laid three phase copper cable: 36kV with cross section of 185mm2 and 40mm2 
of copper screen in Nysted Offshore Wind Farm 
 Laid three phase aluminium cable: 36kV with cross section of 185mm2 and 
20mm
2
 of copper screen in Nysted Offshore Wind Farm. 
 
The Standard measurement results of the single phase cable and three phase cable are 
shown in section 3.3.1 and 3.3.2, respectively.  
3.3.1 Single phase cable in laboratory 
The Standard measurement results of the drummed and laid single phase cable are 
shown in Figure 3-20.  
 
In Figure 3-20 it is possible to see the resistive behaviour of the cable until 300Hz, then 
from 300Hz to 400kHz an inductive behaviour and finally from 400kHz to 2MHz sev-
eral resonance frequencies. In the last frequency range, where the resonances appear, it 
is possible to see a clear difference between the drummed and laid cable.  
In the laid cable the resonance frequencies are multiples of the first measured resonance 
frequency of 400, 800, 1200, 1600 and 2000kHz. While in the drummed cable, the res-
onance frequencies are shifted slightly to lower values. This is due to the increased in-
ductance in the drummed cable, in comparison to the laid cable. 
 
The datasheet parameters of the cable are 0.18µF/km, 0.727/km and 414µH/km. The-
se parameters can be used in equation (40) and (41) [101] to calculate the resonance 
frequency of 290kHz. This calculated resonance frequency does not match the meas-
urements, but this is because in the datasheet the inductance has been calculated based 
on a horizontal bundle arrangement of three single phase cables close to each other, and 
the cable was measured individually.  
LC
Vcable
1

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Figure 3-20: Standard measurement results from the single phase cable laid (Laas) and 
drummed (Daas). Adopted from [66]. 
The single phase cable measured here has been used before at DTU in a VCB, trans-
former and cable setup, where pre-strikes have been recorded and simulated [72]. The 
setup used here consisted of a transformer connected with the single-phase cable and a 
VCB. When closing the breaker pre-strikes occurred and high frequency current oscilla-
tions at 390kHz appear in the VCB. Similar to the results reported in [73] where current 
oscillations were measured after a closing operation that relates to the resonance of the 
cable. 
 
Based on these measurements and analysis it can be concluded that: 
 the condition on which the cable is measured makes a difference to the results 
above 40kHz, due to the additional inductance when drummed 
 the resonance frequency can be calculated from the datasheet and matches the 
measured resonance frequency 
 the cable measured cable resonances match the cable interaction with the electri-
cal environment in a cable, transformer and VCB setup as reported in [72] and 
[73]. 
3.3.2 Three phase cable in warehouse and in offshore wind farm 
The Standard measurement results of the drummed and laid three phase cables are 
shown in Figure 3-21.  
 
In Figure 3-21 a), b) and c) it is possible to see the resistive behaviour of the cable until 
200Hz, then from 200Hz to 40kHz an inductive behaviour, and finally from 40kHz to 
2MHz several resonance frequencies. The measured resonances from 40kHz to 2MHz 
are as expected, due to the multiple frequencies where the inductance and capacitance 
from the cable have the same reactance.  
300Hz 
 
 
400kHz 
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From 40kHz to 150kHz, it is possible to see a clear difference between the drummed 
and laid cable as for the single phase cable. While no clear difference is shown between 
the copper and aluminium cable. Small differences are present between phases in the 
three cable measurements. 
 
During the measurements on the laid three phase cable there was no possibility to meas-
ure the armour on the cables; however, during the measurements on the drummed three 
phase cable some tests were done where the armour of the cable was not grounded (SC-
std-aas in Figure 3-21 a)); the results are very similar to the results from the measure-
ments where the armour of the cables was grounded (ARG-std-aas, ARG-std-bbs and 
ARG-std-ccs in Figure 3-21 a)), hence it can be concluded that the grounding of the 
armour does not significantly affect the three phase cable admittance resonances. 
 
In the drummed cable, the resonance frequencies are 73, 142, 220 and 392kHz. While in 
in the laid copper and aluminium cables the resonance frequencies are 42, 75, 160, 245 
and 315kHz. 
 
The datasheet parameters of the copper and aluminium cable are 0.20µF/km, and 
400µH/km with a length of 600m. These parameters can be used in equation (40) and 
(41) to calculate the resonance frequency of 46kHz, which match the first resonance 
frequency of the laid cable. 
 
In [66] it was shown that the resistance, inductance and capacitance datasheet parame-
ters can be measured with only two frequency scans; with a maximum deviation of 13% 
in resistance, 25% in the inductance; and as low as 0.2% in capacitances at low frequen-
cy in the copper and aluminium three phase cables. 
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Figure 3-21: Standard measurement results from the three phase a) drummed copper 
cable b) laid copper cable and c) laid aluminium cable. In all plots, the measurements 
for each phase are shown. Adopted from [66]. 
3.4 Reactors  
As mentioned before, two main reactors can be present in large offshore wind farms: 
wind turbine and wind farm reactors. The measurement and simulation results will be 
reported in [92]. 
a) 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
c) 
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73kHz 
 
42kHz 
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During the project, several wind turbine reactors were measured with the FRAX-101 
and AIP, but due to the limited time frame the results were not analysed or reported in 
this thesis.  
A 40MVAr wind farm reactor was measured by the reactor manufacturer at the request 
of DONG Energy. A procedure to perform a series of SFRA measurements was provid-
ed to the reactor manufacturer, and the results were sent to DONG Energy afterwards. 
The SFRA results were used in [32] to model an 80MVAr onshore reactor with a capac-
itance in parallel to account for the first resonance frequency; assuming that the reso-
nance frequency of the 80MVAr reactor is similar to the measured 40MVAr reactor. 
 
Further work will be done by DONG Energy in cooperation with DTU and Siemens 
Wind Power in order to use the measurements to correctly model the wind turbine reac-
tor for an extended frequency range. 
3.5 High frequency filters 
As mentioned before, two main filters can be present in large offshore wind farms: wind 
turbine and wind farm filters. 
During the project, several wind turbine filters were measured with the FRAX-101 and 
AIP, but due to the limited time frame the results were not analysed or reported in this 
thesis. The measurement and simulation results will be reported in [92]. 
 
No wind farm filters have been measured yet, but maybe in the future SFRA measure-
ments could be performed onshore during construction or maintenance of the substation. 
In [32] a C-type filter has been modelled with the available design information of the 
filter. 
 
Further work will be done by DONG Energy in cooperation with DTU and Siemens 
Wind Power in order to use the filter measurements to correctly model the wind turbine 
filter for an extended frequency range. 
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4 
TIME DOMAIN MEASUREMENTS AND SIMU-
LATIONS OF SWITCHING OPERATIONS IN 
THE WIND FARM GRID 
This chapter reviews the time domain measurements and simulations in the wind turbine 
low and medium voltage systems, collection grid and export system used and performed 
during the project. This chapter is divided into five sections: measuring techniques, 
switching operations in the wind turbine, switching operations in the collection grid, 
switching operations in the export system and switching operations in the external grid 
of large offshore wind farm. 
 
From sections 4.2 to 4.5 the available measurements were compared with the simula-
tions for validation; except in 4.3.7, 4.4.2, 4.4.3 and 4.5.2 where the experience devel-
oped along the project was used for prediction of transient voltages and currents. 
 
It is important to mention that the switching operations analysed in this Chapter are sel-
dom realised in an operational offshore wind farm; and in some of the recorded switch-
ing operations the standard configuration based on operational procedures during nor-
mal operation were not used. 
 
As mentioned before, only the main results from each time domain study are shown in 
this Chapter. The complementary information is shown in Appendix B, C and D; where 
detailed information is shown in tables, figures and complete papers.  
4.1 Measuring techniques 
As mentioned in Chapter 1, different time domain measurements were used during the 
project. In general, two types of measurements were used: 
 Multi-point and high-speed measurements during switching operations per-
formed at Nysted Offshore Wind Farm, Burbo Bank Offshore Wind Farm, 
Horns Rev 1, Gunfleet Sands Offshore Wind Farm and Avedøre Offshore Wind 
Farm. 
 Online monitoring and power quality measurements from Gunfleet Sands Off-
shore Wind Farm. 
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The multi-point and high-speed measurements at Nysted Offshore Wind Farm, Horns 
Rev 1, and Burbo Bank Offshore Wind Farm were performed within the project entitled 
―Voltage conditions and transient phenomena in medium voltage grids of modern wind 
farms‖, PSO-F&U Project nr. 2005-1-6345. See [6] for additional information about the 
measurement system. 
 
The multi-point and high-speed measurements performed at Gunfleet Sands Offshore 
Wind Farm and Avedøre Offshore Wind Farm were sponsored by DONG Energy´s 
SIDER3.6 R&D project. To realise these measurements offshore, a measurement 
equipment was designed and build as part of the Industrial PhD ―Harmonics in Large 
Offshore Wind Farms‖ at Aalborg University and DONG Energy by Łukasz Kocewiak. 
See [36], [37] and [38] for additional information about the measurement system.  
 
The multi-point and high-speed measurement equipment used in Gunfleet Sands and 
Avedøre Offshore Wind Farm was designed for harmonic and transient measurements. 
Figure 4-1 and Figure 4-2 shows Avedøre and Gunfleet Sands Offshore Wind Farm, 
respectively. 
 
Only the design parameters for the transient measurements are shown in next section.  
4.1.1 Measurement equipment for transient measurements in off-
shore wind farms 
The multi-point and high-speed measurement equipment designed and built to record 
harmonic and transients in offshore wind farms was installed first in Avedøre Offshore 
Wind Farm and then in Gunfleet Sands Offshore Wind Farm. This way, the equipment´s 
accuracy, flexibility and reliability could be tested in the field close to shore, and then 
afterwards several kilometres offshore.  
 
In Avedøre the measurement system was installed at the MV side of the transformer, at 
the LV side of the transformer and at the LV network converter terminals. In most loca-
tions the three phase current and voltages were measured at a maximum of 
2.5MSample/s/channel. The simplified single line diagram of a turbine with the three 
measurement locations in Avedøre Offshore Wind Farm is shown in Figure 4-7. 
 
In Gunfleet Sands, three identical measurement systems were installed in the MV col-
lection grid. The measurement system 1 was installed in the offshore substation, the 
measurement system 2 was installed in the wind turbine F5 and the measurement sys-
tem 3 was installed in the wind turbine F9. In all locations the three phase current and 
voltages were measured at 2.5MSample/s/channel. The simplified single line diagram of 
the collection grid with the three measurement locations in Gunfleet Sands Offshore 
Wind Farm is shown in Figure 4-3. 
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Figure 4-1: Avedøre Offshore Wind Farm picture, location in Denmark 
and wind farm configuration. 
Figure 4-2: Gunfleet Sands Offshore Wind Farm picture, location in 
England and wind farm configuration 
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Figure 4-3: Simplified single line diagram of Gunfleet Sands Offshore Wind Farm, 
where the locations of the measurement systems are shown. Adopted from [36]. 
The three identical measurement systems installed in the MV collection grid of Gunfleet 
Sands Offshore Wind Farm are shown in Figure 4-4. Here it is possible to see that each 
measurement system has a LabView program customised for transient and harmonic 
measurements, a PC unit, a National Instruments (NI) Chassis, a PXI-6682 timing and 
synchronisation board, a PXI-4472 dynamic signal acquisition board used for harmonic 
measurements and a PXI-6133 multifunctional board used for transient measurements. 
The same current and voltage probes were used for transient and harmonic measure-
ments. 
 
The EMC box installed on the offshore substation at Gunfleet Sands Offshore Wind 
Farm is shown in Figure 4-5. Here it is possible to see the UPS, the NI Chassis and cur-
rent probes placed inside the EMC box. 
 
In Figure 4-6, the MV voltage probes are shown. The probes were installed on top of the 
surge arresters in the cable connection at the wind turbine transformer side of the wind 
turbine VCB. In a similar way the MV voltage probe was installed on the feeder cable 
in the offshore substation. 
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Figure 4-4: Measurement setup for harmonic and transient measurements in offshore 
wind farms. Adopted from [36]. 
 
Figure 4-5: EMC box installed on the offshore substation at Gunfleet Sands Offshore 
Wind Farm. Adopted from [37]. 
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Figure 4-6: MV voltage probes installed on top of surge arresters at the cable connection 
in the wind turbine transformer side of the VCB.  
4.1.2 Elspec measurement equipment installed in offshore wind 
farms 
It is possible to extract current and voltage waveforms from different Elspec measure-
ment equipment installed in offshore wind farms by means of the Elspec Investigator 
software.  
The embedded PQZip compression technology allows continuous recording of all elec-
trical parameters for significant time duration. The voltage waveforms are sampled at 
1024 samples per cycle and the currents at 256 samples per cycle; Gunfleet Sands is 
connected to a 50Hz system. The resulting digital waveform is compressed with FFT 
computation, resulting in 512 spectral components per cycle for voltages and 128 for 
currents. The resulting data are being further compressed using lossy compression algo-
rithms. When the waveforms are required, the data are decompressed with full harmonic 
spectrum for each cycle along with the associated time stamps. The waveform displayed 
by the Elspec Investigator application is reconstructed based on the compressed spectral 
data of every cycle [82]. 
 
Only Elspec measurements from Gunfleet Sands Offshore Wind Farm were used and 
reported in this document. 
4.2 Switching operations in wind turbines 
In this section the measurements and simulation results from the following switching 
operations in one turbine in Avedøre Offshore Wind Farm are shown: 
Cable 
Surge arrester 
Voltage probe 
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 Wind turbine disconnection in 4.2.1 and  
 Wind turbine in 4.2.2. 
 
Figure 4-7 shows the simplified single line diagram of the measured turbine in Avedøre 
Offshore Wind Farm. Here it is possible to see the MV measurement (MMV), LV 
measurement (MLV) and LV converter measurement (MLVcon) locations, as well as 
the main circuit breakers and components in the electrical system. 
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Figure 4-7: Simplified single line diagram of a turbine in Avedøre Offshore Wind Farm. 
4.2.1 Wind turbine disconnection 
During the switch out operation of a wind turbine the wind turbine power production 
was remotely ramped-down until no power was produced. In this switching operation 
the LV circuit breaker (CB_LV) remained connected, while the MVcircuit breaker 
(CB_MV) was switched out.  
 
The different component models used in PSCAD to simulate this switching operation 
are described in detailed in Table 10-1. Information about the transformer, cable, circuit 
breaker, wind turbine and external grid models can be found here.  
 
The main focus of this comparison is to analyse the transferred overvoltage between 
windings in the wind turbine transformer due to re-strikes in the VCB.  
 
Two simulations are compared with the measurements: The Base Case and the Study 
Case 1. The results from the Base Case are shown from Figure 10-1 to Figure 10-6 and 
Figure 4-9, while only Figure 4-9 shows the results from the Study Case 1. The differ-
ence between the Base Case and the Study Case 1 is that in Study Case 1, the equivalent 
capacitances of the wind turbine transformer have been increased four times from the 
measured value. 
 
The A, B, C and D parameters used in the Base Case and the Study Case 1 are shown in 
Table 10-2. 
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Further work should be done to create the Black Box transformer model, if the meas-
urements in a similar wind turbine transformer as Avedøre are repeated, or if the meas-
urements already performed are recovered. 
 
In reality, there is a MV cable inside the wind turbine that connects the wind turbine 
transformer and the wind turbine VCB, but this was not modelled here due to the short 
length (less than 5m). The influence of this MV cable on the re-strikes was analysed in 
section 4.3.5. 
 
Due to problems with both of the PC units used to record the transient operations in 
Avedøre, the currents were measured only at 1MSample/s/channel and the voltages at 
2MSample/s/channel. In the LV converter measurement only the voltages and current 
from phase A and B were measured due to limitations in the available slots of the PXI-
6133 card. All the simulations were done with a step size of 500ns. 
 
Figure 4-8: Measured (m) voltages at MMV in Avedøre during the switching out opera-
tion of the CB_MV from 0 to 300ms. The subplot in the figure shows the selected time 
frame to ease the comparison. 
Figure 4-8 shows the measured voltages at the MV side of the transformer (MMV) dur-
ing the switching out operation. It is possible to see that within this switching operation, 
three different phenomena have been recorded. First, at T1 the tripping signal activates 
the VCB and the VCB starts opening the contacts. At T2, phase B actually opens and 
several re-strikes are measured. Finally, phase A and C opens and no re-strikes are 
measured. After all phases have opened the wind turbine converter tries to control the 
voltage unsuccessfully due to the missing grid and then it is discharged. 
T1 T2      T3 
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In the PSCAD simulations the contact separation moment (topen) for phase B is T2 and 
T3 for phase A and C. 
 
The measured and simulated voltages and currents at MMV in Avedøre during the 
switching out operation of the CB_MV are shown in Figure 10-1 from 60 to 100ms and 
then in Figure 10-2 from 70 to 73ms. Here it is possible to see high frequency current 
and voltage oscillations after T1 in all phases, even if the magnitudes of the voltage os-
cillations are fairly small. 
 
In Figure 10-1 and Figure 10-2 it is possible to see that nine re-strikes have been meas-
ured after T2 in phase B voltage that are also reflected in phase A and B currents. The 
amount of re-strikes is different in the simulations where in the same time frame where 
nine re-strikes were measured almost thirty re-strikes have been simulated. This is much 
better seen in Figure 4-9. Further work should be done to compare the simulated results 
with a VCB model with polynomial dielectric withstand capabilities [8], not linear as 
the model reported here. 
 
The measured and simulated phases C and A present no re-strikes when opening at T3. 
However, the voltage decrease after the opening operation is much faster in the simula-
tion than in the measurements. This is due to the converter control not being included in 
the PSCAD model. Similar results are shown in sections 4.3.2 and 4.3.5. 
 
The measured and simulated voltages and currents at MLV in Avedøre during the 
switching out operation of the CB_MV are shown in Figure 10-3 from 60 to 100ms and 
then in Figure 10-4 from 70 to 73ms. Here it is possible to see high frequency and low 
magnitude voltage oscillations after T1 in all phases. In these two figures the phase C 
current at MLV is not shown due to start-up offset error, and the signal is beyond the 
interesting range of ±10A. In these two figures, it is possible to see that the accuracy of 
the current probes is not adequate to record such low current transients. It is important 
to mention that due to the delta-wye transformer the transients in MV phase B affects 
the LV phase B and A. This is much better seen in Figure 4-9. 
 
The measured and simulated voltages and currents at MLVcon in Avedøre during the 
switching out operation of the CB_MV are shown in Figure 10-5 from 60 to 100ms and 
then in Figure 10-6 from 70 to 73ms. Here, it is also possible to see high frequency and 
very low magnitude voltage oscillations after T1 in all phases. In this switching opera-
tion the phase C current and voltage at MLVcon was not measured due to limited chan-
nels in the PXI-6133 card.  
In these two figures it is possible to see that the accuracy of the current probes is not 
adequate to record such low current transients. From the measurements it is possible to 
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see that there was a small current flowing through the converter terminals, and the open-
end condition to model the converter in PSCAD is not the most adequate representation. 
Further work should be done in cooperation with the wind turbine manufacturer to de-
velop adequate converter models for transient simulations. 
 
Figure 4-9 shows the measured and simulated phase B voltages at MMV, MLV and 
MLVcon during the switch out operation of a wind turbine in Avedøre from 71.1 to 
71.3ms. The results from the Base Case and Study Case 1 are shown in the figure.  
Here it is possible to see how the increase of the equivalent capacitances on the trans-
formers affect the transient recovery voltage after a switch-out operation and the amount 
of re-strikes is reduced considerably in the VCB. However, the magnitude and frequen-
cy of the high frequency oscillations in the LV voltages after each re-strike at the MV 
side of the transformer change; the magnitude increase and the frequency decreases in 
Study Case 1, in comparison with the Base Case. Further work should be done in order 
to accurately reproduce the damped oscillations at the LV converter terminals; one way 
to do this is to use the frequency domain measurements performed in the wind turbine 
reactor and wind turbine filter and create a wide band model. 
 
Figure 4-9: Measured (m) and simulated phase B voltages at all locations in Avedøre 
during the switching out operation of the CB_MV from 71.1 to 71.3ms. The voltages at 
MMV are shown in the top figure, the voltages at MLV are shown in the middle figure 
and finally, the voltages at MLVcon are shown in the bottom figure. The results from 
the Base case (Base) and study case 1 (SC1) are shown. 
It can be concluded from this section that re-strikes appear in the MV VCB during the 
switch out operation of a wind turbine that can be reproduced with a detailed VCB 
model; however, the high-frequency oscillations in the LV terminals of the transformer, 
30µs 
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and LV converter terminals cannot be replicated accurately due to the incorrect capaci-
tances of the wind turbine transformer. 
4.2.2 Wind turbine connection 
During the switch in operation of a wind turbine MVcircuit breaker (CB_MV) the LV 
circuit breaker (CB_LV) remained disconnected. Hence, the wind turbine reactor and 
filter were not included in the simulations; only a LV load was included based on the 
available information from the wind turbine manufacturer. 
 
The different component models used in PSCAD to simulate this switching operation 
are described in detailed in Table 10-3. Information about the transformer, cable, circuit 
breaker, wind turbine and external grid models can be found here.  
 
The main focus of this comparison is to analyse the transferred overvoltage between 
windings in the wind turbine transformer due to pre-strikes in the VCB as well as the 
inrush current due to the transformer energisation.  
 
Four simulations are compared with the measurements: Base Case and Study Case 1 to 
3. The results from the Base Case are shown from Figure 10-7 to Figure 10-10, while 
Figure 10-11 and Figure 10-12 show the results from the Study Case 1 and finally, Fig-
ure 4-11 and Figure 4-12 show the comparison of all simulation results.  
 
Different parameters were varied in the three Study Cases: the transformer equivalent 
capacitances of the wind turbine transformer and the VCB parameters. The transformer 
equivalent capacitances of the wind turbine transformer were increased four times in the 
Study Case 2 and decreased four times in Study Case 3, in comparison with the Base 
Case. The VCB difference between the Base Case and the Study Cases is shown in Ta-
ble 10-4 
 
Further work should be done to create the Black Box transformer model, if the meas-
urements on a wind turbine transformer similar to Avedøre are repeated, or if the meas-
urements already performed are recovered. 
 
In reality, there is a MV cable inside the wind turbine that connects the wind turbine 
transformer and the wind turbine VCB, but this was not modelled here due to the short 
length (less than 5m). The influence of this MV cable on the pre-strikes was analysed in 
section 4.3.4. 
 
Due to problems with both of the PC units used to record the transient operations in 
Avedøre, the currents were measured only at 1MSample/s/channel and the voltages at 
2MSample/s/channel. As mentioned before the CB_LV was disconnected during the 
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switching operation, so no voltage or current transients were measured at MLVcon. All 
the simulations were done with a step size of 500ns. 
 
Figure 4-10 shows the measured voltages at the MV side of the transformer (MMV) 
during the switching in operation. It is possible to see that within this switching opera-
tion, four different phenomena have been recorded. First at T1 a pre-strike occurs in 
phase B and induced voltages are measured in phase A and C. At T2 several pre-strikes 
appear in phase B and again, induced voltages are measured in phases A and C. Then at 
T3 pre-strikes are measured in phases A and C. Finally, at T4 high frequency and low 
magnitude oscillations appear in all phase voltages, probably due to bouncing in the 
contacts of the VCB. After all phases have closed the wind turbine transformer inrush 
current appears asymmetrically in all phases. 
 
Figure 4-10: Measured (m) voltages at MMV in Avedøre during the switching in opera-
tion of the CB_MV from 66 to 72ms. 
The measured and simulated voltages and currents at MMV in Avedøre during the 
switching in operation of the CB_MV are shown in Figure 10-7 from 60 to 100ms and 
then in Figure 10-8 from 67 to 70ms. Here it is possible to see the measured high fre-
quency current and voltage oscillations in all phases after T2 and T3; the measured pre-
strikes after T2 have not been reproduced since in the Base Case the three phases in the 
VCB are set to close for the first time at T3. However, the four pre-strikes measured 
after T3 are different from the three simulated pre-strikes. 
In Figure 10-8 it is possible to see that seven pre-strikes have been measured after T2 in 
phases A and C and four pre-strikes again in phases A and C after T3; these pre-strikes 
are also reflected in the corresponding phase currents. The measured and simulated in-
rush currents are very similar, except in phase C where a measurement error is present. 
T1          T2           T3              T4 
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The measured and simulated voltages and currents at MLV in Avedøre during the 
switching in operation of the CB_MV are shown in Figure 10-9  from 60 to 100ms and 
then in Figure 10-10 from 67 to 70ms. Here it is possible to see the measured high fre-
quency voltage oscillations after T1, T2, T3 and T4 in all phases. In these two figures it 
is possible to see that the accuracy of the current probe used is not sufficient for this 
switching operation since the current seems lower than ±5A, but some transient currents 
were measured especially after T3. It is important to mention that due to the delta-wye 
transformer the transients in one phase of the MV two phases of the LV would be af-
fected. 
 
Figure 10-11 and Figure 10-12 show the measured and simulated results from the Study 
Case 1 phase voltages at MMV and MLV, respectively, from 67.08 to 67.20ms during 
the switch in operation of a wind turbine in Avedøre. It is possible to see in the simula-
tions that at T1 a pre-strike occurs in phase B and the other phases remain unchanged; 
however, in the measurements phases A and C change their voltage to 2.5kV. This dif-
ference could be due to a measurement error or to additional components in the system 
not taken into account. 
From these two figures it is possible to see that for 120µs the pre-strike in phase in the 
VCB is like a step voltage at the terminals of the transformer. Such a transient test 
should be sufficient to validate a Black Box transformer model, so further work should 
be done to create such a model. As mentioned before, this was one of the main objec-
tives of the project, but due to IT problems the frequency domain measurements were 
lost. 
At the LV side of the transformer (Figure 10-12 ) it is possible to see an oscillation of 
285kHz in the Study Case 1 and 166kHz in the measurements after 67.1ms. Just after 
the step voltage there is an oscillation in the measured LV voltage higher than the 
2.5MSample/s/channel (2.5MHz). On the other hand, even if the measured and simulat-
ed resonant frequency of the transformer does not match, the maximum magnitude of 
the LV voltage is representative in the simulations; except on phase C where the meas-
ured voltage is much higher than the simulated one. 
 
Figure 4-11 and Figure 4-12 show the measured and simulated phase B voltages from 
the Base Case and all Study Cases at MMV and MLV from 67 to 70ms and from 67.08 
to 67.20ms, respectively, during the switch in operation of a wind turbine in Avedøre.  
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Figure 4-11: Measured (m) and simulated (s) phase B voltages at MMV and MLV in 
Avedøre during the switching in operation of the CB_MV from 67 to 70ms. The phase 
B voltages at MMV are shown in the top figure, while the voltages at MLV are shown 
in the bottom figure. The results from the base case (Base), study case 1 (SC1) study 
case 2 (SC2) and study case 3 (SC3) are shown. 
 
Figure 4-12: Measured (m) and simulated (s) phase B voltages at MMV and MLV in 
Avedøre during the switching in operation of the CB_MV from 67.08 to 67.2ms. The 
phase B voltages at MMV are shown in the top figure, while the voltages at MLV are 
shown in the bottom figure. The results from the base case (Base), study case 1 (SC1) 
study case 2 (SC2) and study case 3 (SC3) are shown. 
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In Figure 4-11 it is possible to see the large influence of the equivalent capacitances of 
the wind turbine transformer in the maximum magnitude of the transient voltage; as 
well as in the shape of the transient voltage after the pre-strike:  
 The absolute maximum MV voltage is reached in the Study Case 2, followed by 
the Study Case 1, Study Case 3 and finally the measurements. 
 The absolute maximum LV voltage of 0.8kV is reached by the Study Case 2, 
then 0.7kV by the Study Case 1, followed by 0.46kV by Study Case 3 and final-
ly 0.3kV by the measurements.  
 
The simulated MV phase B transient voltage after the pre-strike at T1 decrease faster in 
Study Case 3 than in the measurements, in Study Case 2 the voltage decrease is slower 
than in the measurements. Only in the Study Case 1 the voltages decrease in a similar as 
in the measurements. 
 
In Figure 4-12 it is also possible to see the large influence of the transformer equivalent 
capacitances of the wind turbine transformer in the LV phase B voltage oscillation. As 
mentioned before, the measurements present an oscillation of 166kHz, the Study Case 1 
of 285kHz, the Study Case 2 of 153kHz and the Study Case 3 of 500kHz. The Base 
Case presents an oscillation similar to the Study Case 1, since the transformer equiva-
lent capacitances of the wind turbine transformer are the same. 
 
It can be concluded from this section that: 
 the equivalent capacitances used are within range, even if the frequency domain 
measurements from the 4MVA transformer from Avedøre were lost and the ca-
pacitances from the 4MVA transformer from Burbo Bank were used. 
 the equivalent capacitances are very important for transient studies and if the ca-
pacitances are higher than the real capacitances in the transformer higher transi-
ent overvoltages, higher natural frequencies and slower voltage decrease after 
the high frequency oscillations are simulated.  
 
One additional switch in operation in Avedøre has been recorded (Figure 10-13) and a 
similar overall behaviour is present: at T1 the first pre-strike appears in phase B and 
induced voltages are measured in phases A and C. At T2, the next pre-strike appears in 
phase B and again induced voltages are measured in phases A and C. Then at T3, phases 
A and C start pre-striking and six prestrikes are measured. Finally at T4, high frequency 
and low magnitude oscillations appear in all phase voltages, probably due to bouncing 
in the contacts of the VCB.  
4.3 Switching operations in the collection grid 
In this section the measurements and simulation results from the following switching 
operations in the collection grid are shown: 
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 Radial connection with measurement equipment in 4.3.1 for Nysted and Burbo 
Bank Offshore Wind Farm, 
 Radial disconnection with measurement equipment in 4.3.2 for Nysted, Horns 
Rev 1, Burbo Bank and Gunfleet Sands Offshore Wind Farm, 
 Radial connection without measurement equipment in 4.3.3 for Gunfleet Sands 
Offshore Wind Farm, 
 Wind turbine transformer connection in a radial with measurement equipment in 
4.3.4 for Burbo Bank Offshore Wind Farm, 
 Wind turbine transformer disconnection on radial with measurement equipment 
in 4.3.5 for Burbo Bank Offshore Wind Farm, 
 Capacitor bank connection in 4.3.6 for Burbo Bank Offshore Wind Farm, 
 Energisation of wind turbine transformers with an auxiliary generator in a large 
offshore wind farm under islanded operation in 4.3.7 for an Offshore Wind Farm 
in Germany. 
 
The wind turbines used in the all the offshore wind farms analysed here covers three 
types of wind turbines: Types A, C and D according to [95].  
 
Figure 10-14 on page 245 shows the simplified single line diagram of Nysted Offshore 
Wind Farm. Here it is possible to see the location of the MV radial measurement 
(MV_Radial), MV measurement in wind turbine A01 (MV_A01) and MV measurement 
in wind turbine A09 (MV_A09). As well as the main circuit breakers and components 
in the electrical system. The wind turbines in Nysted are Type A with squirrel cage in-
duction generators with a capacitor bank for reactive power compensation. 
 
Figure 10-20 on page 249 shows the simplified single line diagram of Horns Rev 1 Off-
shore Wind Farm. Here it is possible to see the location of the MV radial measurement 
(MV_Radial), MV measurement in wind turbine 11 (MV_11) and MV measurement in 
wind turbine 08 (MV_08). As well as the main circuit breakers and components in the 
electrical system. The wind turbines in Horns Rev 1 are Type C with wound rotor in-
duction generators with partial scale frequency converter. 
 
Figure 10-15 on page 246 shows the simplified single line diagram of Burbo Bank Off-
shore Wind Farm. Here it is possible to see the location of the MV radial measurement 
(MV_Radial), MV measurement in wind turbine 22 (MV_22), MV measurement in 
wind turbine 38 (MV_38), LV measurement in wind turbine 22 (LV_22) and LV meas-
urement in wind turbine 38 (LV_38). As well as the main circuit breakers and compo-
nents in the electrical system. The wind turbines in Burbo Bank are Type D with squir-
rel cage induction generators with full-scale frequency converter. 
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Figure 10-21 on page 250 shows the simplified single line diagram of Gunfleet Sands 
Offshore Wind Farm. Here it is possible to see the location of the MV radial measure-
ment (MV_Radial), MV measurement in wind turbine F5 (MV_F5) and MV measure-
ment in wind turbine F9 (MV_F9). As well as the main circuit breakers and components 
in the electrical system. The wind turbines in Gunfleet Sands are Type D with squirrel 
cage induction generators with full-scale frequency converter. 
 
Figure 10-40 on page 260 shows the simplified single line diagram of the analysed Off-
shore Wind Farm in Germany. Forty wind turbine transformers with an LV load, con-
nected in eight radials with five wind turbines each, were simulated. The wind farm has 
two reactors in the offshore substation for reactive power compensation, and an auxilia-
ry synchronous generator to energise the collection grid during emergency situation.  
 
Other switching operations were recorded in Nysted, Burbo Bank and Gunfleet Sands, 
but no severe overvoltages appeared. Some of the recordings not analysed are: 
 tap changer operation in wind farm transformer, 
 switch in and out operation in MV radials connected on another wind farm trans-
former or wind farm winding. 
4.3.1 Radial connection with measurement equipment 
During the connection of a radial with measurement equipment installed in the radial, 
and in two wind turbines, all the MVcircuit breakers (CB) or MV switch disconnectors 
(SD) of the wind turbines in the radial were switched in, in order for the measurement 
equipment to record transient voltages and currents. However, this radial connection is 
not a standard switching operation in the collection grid in offshore wind farms, since 
the wind turbine transformers are normally switched in after the radial cable has been 
energised. The radial cable and wind turbine transformers are individually switched in 
only a small number of times per year during normal operation. 
 
In this section the time domain measurements and simulation results from Nysted and 
Burbo Bank are shown. First the travelling voltage phenomena is analysed from meas-
urements in Nysted (Figure 4-13), then the simulation results are compared for the same 
switching operation in Nysted between PSCAD and EMTP-RV in Figure 4-14. After-
wards the measurements and simulation results from the switching operation in Burbo 
Bank is shown from Figure 10-15 to Figure 10-19 and Figure 4-16. 
 
In the simulations from Nysted and Burbo Bank presented in this section, all the LV 
circuit breakers were switched out, only a LV load was included in each wind turbine as 
stated in the wind turbine datasheet.  
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The measurements from the LV side of the wind turbine transformer 38 in Burbo Bank 
have only a resolution of 44.1kSample/s/channel and not 2.5MSample/s/channel as in 
the MV measurements. 
4.3.1.1 Radial connection in Nysted 
The different component models used in PSCAD to simulate this switching operation in 
Nysted are described in detailed in Table 10-5. Information about the transformer, ca-
ble, circuit breaker, wind turbine, wind farm substation and external grid models can be 
found here.  
 
The main focus of the comparison between measurements and simulations from Nysted 
is to develop a VCB model in PSCAD that can reproduce pre-strikes in the Radial MV 
CB.  
 
The wind turbines in Nysted are connected in ―rows‖ by 36kV submarine cables. Each 
row is then connected to the offshore wind farm substation by one ―root‖ cable. The 
wind farm transformer TR1 (180/90/90MVA, 132/33/33kV) is placed just north of the 
wind farm. Each root cable is connected to a MV bus bar via a VCB (CB_MC8 to 1). 
There are eight rows, from A to H, where A, B, C and D are connected to one MV 
winding, and E, F, G, and H to the other MV winding of the wind farm transformer. 
The submarine cables are connected to an air-insulated bus bar in the bottom of each 
wind turbine. The submarine cable armour and the phase conductor shields are ground-
ed at both ends. The wind turbine transformer WTT (2.5 MVA, 33/0.69 kV) is connect-
ed via a MV switch disconnector-fuse (SD).  
The MV submarine cables connecting the wind turbines in the rows are 505m long. The 
distance between the rows is 850m, resulting in a corresponding difference in length of 
the root cables for the radial cables. Furthermore, included in the models was the con-
nection of the wind farm transformer via a single three phase HV submarine cable (132 
kV /10.5km) and HV land cable (132 kV /18.3 km) to the PCC on land. The simplified 
single line diagram of Nysted Offshore Wind Farm is shown in Figure 10-14. 
 
Figure 4-13 shows the first millisecond of the measurements of the switching operation. 
Here, the voltage of phase B is presented for the three measurement locations. The volt-
age at the offshore wind farm substation is shown in blue, the voltage at A01 in green 
and the voltage at A09 in red. In the lower part of the figure, the colour nomenclature is 
the same, but the y-axis shows the distance between measurement locations, and not the 
voltage as in the upper part.  
The lower part of Figure 4-13 presents the position of the voltage wave in thin black 
line. At T1 the phase B is energised at the offshore wind farm substation. At T2, the 
voltage wave arrives to A01 and at T3, the voltage wave reaches A09. 
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It can be seen that the voltage wave is doubled at T3, since the cable ends at the wind 
turbine transformer which would be seen as an open circuit for very high frequencies 
due to its inductance. Once the voltage wave has reached the end of the radial it bounces 
back towards the offshore wind farm substation, arriving to A01 at T4 and to the off-
shore wind farm substation at T5. 
 
Figure 4-13: Upper plot: measured phase B voltage, in the three different locations for 
the switching operation, from 4.3 to 4.6ms. The voltage at each location is plotted with 
one colour: offshore wind farm substation (Vbpl) in blue; wind turbine A01 (VbA01) in 
green and wind turbine A09 (VbA09) in red. Lower plot: position of the phase B voltage 
wave as seen from the offshore wind farm substation. The same colour nomenclature 
was used: offshore wind farm substation in blue, A01 in green and A09 in red. Adopted 
from [24]. 
 
Three stepwise reductions of the offshore wind farm substation voltage Vbpl can be seen 
at Dpl, Cpl, and Bpl (indicated with blue arrows), which are caused by the voltage drop at 
the offshore wind farm substation bus bar due to the energisation of the radial A cable. 
This voltage drop propagates as travelling waves into the three other radial cables con-
nected to the same main transformer bus bar, and returns to the offshore wind farm sub-
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station after being doubled in amplitude at the radial cable ends as the three steps sepa-
rated in time corresponding to two times the difference in length of the root cables for 
the radial cables D, C and B. The three steps then propagate into radial A and can be 
seen in VbA01 at wind turbine A01. 21μs later, they can be seen doubled once more in 
VbA09 at wind turbine A09 at DA09, CA09, and BA09 as indicated with red arrows in Fig-
ure 4-13. At T5, the energisation wave returns from radial A to the offshore wind farm 
substation where it meets the three other radial cables B, C and D and the main trans-
former winding connected to the bus bar. This causes a negative reflection wave back 
into the radial A cable which can be seen as the sharp peak in VbA01 at wind turbine 
A01 at T6 and can be seen doubled in VbA09 at wind turbine A09 at T7. 
 
Finally, after T7 the phase B voltage across the VCB terminals reached the breakdown 
voltage of the VCB and a new pre-strike occurred. This is shown as a sharp increase of 
the Vbpl from -35 to -22kV. 
 
A similar switching operation as shown before was used in [26] to create a detailed 
VCB model in PSCAD. This PSCAD model is based on a similar model created in 
EMTP-RV by the main author of [26]. The A, B, C and D parameters used in the 
EMTP-RV and PSCAD detailed VCB models are shown in Table 10-6. 
 
Figure 4-14: Measured and simulated phase A voltages and currents at Nysted during 
energisation. The top figure shows the voltages at the three measurement locations, 
whilst the bottom figure shows the current at the offshore wind farm substation. Solid 
lines show the measurements and the two dashed lines show the simulation results. 
Adopted from [26]. 
 
Second wave 
First wave 
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Figure 4-14 shows the measured and simulated phase A voltages and currents at Nysted 
during radial energisation. Solid lines show the measurements and the two dashed lines 
show the simulation results. It is possible to see here that if the same information is used 
in both commercial EMT programs, the results are the same. This gives further confi-
dence in the results from both tools. 
In the Figure 4-14 it can be seen how the phase A arc-current across the VCB is inter-
rupted as soon as the current crosses zero value. In the same figure it is also possible to 
see the first wave caused by the VCB pre-strike as well as the second wave caused by 
the travelling voltage wave bouncing and doubling its magnitude as it arrived to the 
VCB without any arc-current.  
4.3.1.2 Radial connection in Burbo Bank 
The different component models used in PSCAD to simulate this switching operation in 
Burbo Bank are described in detailed in Table 10-7. Information about the transformer, 
cable, circuit breaker, wind turbine, wind farm substation and external grid models can 
be found here. The detailed VCB parameters used are shown in Table 10-8. 
 
The main focus of the comparison between measurements and simulations from Burbo 
Bank is to develop a VCB model in PSCAD that can reproduce pre-strikes in the Radial 
MV CB and develop a Black Box transformer model of the wind turbine transformer 
based on FRA measurements. 
 
The wind turbines in Burbo Bank are connected in three main ―rows‖ by 36kV subma-
rine cables. Each row is then connected to the onshore substation by one ―root‖ cable 
consisting of a submarine cable in series with a land cable. The wind farm transformer 
TR1 (90 MVA, 132/33 kV) is in the onshore substation together with the capacitor 
bank, auxiliary load (Load), earthing transformer (Aux) and MV circuit breakers 
(CB_MV1 to 5). Burbo Bank´s wind farm transformer is connected to the PCC via a 
three-phase HV land cable (132 kV /5.78 km) and overhead lines (132 kV /1.83 km). 
The submarine cables are connected in the bottom of each wind turbine. The submarine 
cable armour and the phase conductor shields are grounded at both ends. The wind tur-
bine transformer (4MVA, 33/0.69 kV) is connected via a MV VCB. On the LV side of 
each transformer a filter and a reactor are connected during normal operation. 
The MV submarine cables connecting the wind turbines in the rows are 600m long. The 
distance between the rows is 800m, resulting in a corresponding difference in length of 
the root cables for the radial cables. The simplified single line diagram of Burbo Bank 
Offshore Wind Farm is shown in Figure 10-15. 
 
From Figure 4-15 to Figure 4-16, and from Figure 10-16 to Figure 10-19 the measure-
ments (m) will be compared with the simulation results from the PSCAD model with 
detailed VCB model and standard transformer model (s) and with the PSCAD model 
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with detailed VCB model and Black Box transformer model by means of the FDTE 
transformer model (f). 
 
Figure 4-15: Measured (m) and simulated (s) MV phase A radial (MV_Radial) voltages 
and currents at Burbo Bank during radial energisation. The top figure shows the voltag-
es at the three measurement locations, and the bottom figure shows the currents at the 
wind farm substation. Solid lines show the measurements and the two dashed lines 
show the simulation results. 
Figure 4-15 shows the first millisecond of the measurements (m) and simulation results 
(s) from the switching operation. Here, the phase A voltages in the radial, wind turbine 
22 and wind turbine 38 are shown but only the phase A current in the radial is shown. 
This current is the capacitive charging current of all the cables in the radial.  
It is possible to see in this figure that the 800mm
2 
root land cable (3.7km) is energised 
from T1 to T2, then from T2 to T3 the 500mm
2
 submarine root cable (9km) is ener-
gised, followed by three sections of 240mm
2
 submarine row cable (2.1km) from T3 to 
T4 and finally, from T4 to T5 four sections of 95mm
2
 submarine row cable (2.8km). 
Similar results have been reported in [83] and [28], where all the cables in a radial are 
charged, and the different charging current can be simulated for the first microseconds.  
 
In Figure 4-15 it is also possible to see the first wave, second wave and current interrup-
tion after zero crossing caused by the pre-strike, as shown in Figure 4-14 for Nysted. In 
Figure 4-15 it is possible to see that at (T5-T1)/2 the voltage wave arrives to the wind 
turbine 38 and doubles.  
 
The simulated phase A voltage in the radial is not exactly the same as in the measure-
ments; there is a difference of 3kV at T1 due to the phase angle of the 132kV voltage 
T1       T2                             T3     T4   T5 
First wave 
Second wave 
(T5-T1)/2 
210µs 
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source used to reproduce the external grid. The simulated voltage source is balanced and 
symmetrical; however, the measured external grid is slightly unbalanced and unsym-
metrical. This cannot be corrected easily in the simulations due to the wye-delta connec-
tion of the wind farm transformer. 
These 3kV are further doubled after the voltage wave bouncing at the end of the radial, 
and at T4 it is possible to see a 6kV difference between the measured and simulated 
phase A voltage in the wind turbine 38. This difference is further amplified in the MV 
radial but the comparison is shown below. 
 
Once the detailed radial VCB, collection grid cables and external grid have been vali-
dated the wind turbine transformer models can be compared. This is shown from Figure 
10-16 to Figure 10-19 and Figure 4-16. Here, the measurements (m) can be compared 
with the simulation results from the PSCAD model with the detailed VCB model and 
standard transformer model (s) and with the PSCAD model with the detailed VCB 
model and Black Box transformer model by means of the FDTE transformer model (f). 
 
Figure 10-16 shows the measured and simulated MV phase radial voltages 
(MV_Radial) at Burbo Bank during radial energisation from 75 to 78ms. The same phe-
nomenon is present as explained in Figure 4-15 but in the three phases. Additionally, in 
Figure 10-16 it is possible to see the travelling voltage wave oscillation in the radial 
every four travelling periods with a total time of 420µs. 
The voltage difference caused by the phase angle of the 132kV voltage source and the 
measured external grid is much clearer in this figure, where 10kV difference is present 
from T5 to T6 when the phase A in the simulated VCB switches in completely. In the 
measurements it can be seen that the real VCB does not switch completely until T7 in 
phase A and C and at T8 in phase B. The 10kV difference between the measurements 
(m) and the PSCAD model with detailed VCB model and standard transformer model 
(s) is clear also in phase B. However, this difference it is not so clear in phase A of the 
PSCAD model with the detailed VCB model and Black Box transformer model by 
means of the FDTE transformer model (f). The reason behind this is the high positive 
sequence impedance of the perturbed model in the FDTE transformer model, as shown 
in the 100kVA transformer example in 2.3.3.2. This high positive sequence impedance 
of the transformer would draw additional current from the system and decrease the volt-
age. The additional current from the FDTE transformer model in the 100kVA trans-
former can be seen in Figure 2-14 on page 60. This additional current is also present in 
the 4MVA transformer model and this is shown in Figure 10-17. 
 
Figure 10-17 shows the measured and simulated MV phase radial currents (MV_Radial) 
at Burbo Bank during radial energisation from 75 to 78ms. The pre-strike cable currents 
at T1 and T6 are shown, as well as the additional simulated current when using the 
FDTE transformer model. 
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Figure 10-18 shows the measured and simulated MV phase voltages at wind turbine 38 
(MV_38) at Burbo Bank during radial energisation from 75 to 78ms. Here, the phase A 
voltage doubling effect is shown at (T5-T1)/2 as well as the voltage oscillations every 
210µs. Also the second pre-strike at T6+(T5-T1)/2 can be seen. In this figure the volt-
age drop caused by the FDTE transformer model is very clear. It is also possible to see 
that when the FDTE transformer model was used the MV phase C and B voltages at the 
wind turbine 38 increase their magnitude before the corresponding VCB phases where 
switched in. This voltage variation can be explained by additional coupling between 
phases in the FDTE wind turbine transformer model. Additional work should be done in 
order to find out the reason behind this additional coupling. 
 
It is important to remember that the measurements from the LV side of the wind turbine 
transformer 38 in Burbo Bank have only a resolution of 44.1kSample/s/channel and not 
2.5MSample/s/channel as in the MV measurements. This sampling difference is clear in 
Figure 4-16.  
 
Figure 10-19 and Figure 4-16 show the measured and simulated LV phase voltages at 
wind turbine 38 (MV_38) at Burbo Bank during radial energisation from 75 to 78ms 
and 75.6 to 76ms, respectively. In these two figures it is possible to see that when the 
phase A voltage wave arrives to the MV side of the wind turbine 38 transformer at (T5-
T1)/2 a voltage on the phase A and C of the LV side of the transformer is induced. It is 
also possible to see in this figure that the voltage oscillates every 210µs caused by the 
travelling voltage wave in the radial. Also the second pre-strike at T6+(T5-T1)/2 can be 
seen. An induced voltage step in phases C and B can be seen when the phase C voltage 
arrives at the wind turbine 38. The results from the standard transformer model (s) looks 
very similar to the measurements, while the voltage magnitude of phases A and C from 
the FDTE transformer model (f) are slightly higher than the measurements, at least for 
the first 50µs after (T5-T1)/2. In Figure 4-16 the results from the FDTE transformer 
model (f) have been multiplied by a factor of 1.4 to match the results from the standard 
transformer model (s) at 75.8ms. The results from the FDTE transformer model present 
a maximum overvoltage of -0.73kV at 75.7ms, a value larger than the measurements 
and in between samples at 44.1kSample/s/channel. 
The reason behind this 1.4 factor, is the low positive sequence high to low voltage ratio 
of the perturbed model in the FDTE transformer model, as shown in the 100kVA trans-
former example in 2.3.3.2. This low positive sequence high to low voltage ratio of the 
transformer would induce lower magnitude voltages in the secondary side of the trans-
former. The lower magnitude voltages in the secondary side of the FDTE model can be 
seen in Figure 2-11 c) at low frequency. 
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In Figure 4-16 is possible to see a high frequency oscillation in the FDTE transformer 
model (f) not present in the standard transformer model (s). The high frequency oscilla-
tions from the FDTE transformer model (f) have a frequency of 90kHz, and not of 
400kHz as expected from the positive sequence high to low voltage ratio in the wind 
turbine transformer from Burbo Bank (section 3.2.2 on page 95). The 90kHz does not 
match either the resonance frequency from the OCLV recommended SFRA measure-
ments of 8kHz (see Figure 3-15). 
 
The reason of this frequency difference is that the transformer simulated from Burbo 
Bank is not open ended in the LV side, but loaded with a LV load. Further work should 
be done in order to fully understand the measured and simulated oscillations in the time 
domain at the terminals of the transformer and the frequency domain measurements. 
The high frequency oscillations simulated with the FDTE transformer model (f) damp 
very fast and no overvoltage higher than the measurement is present. 
 
Figure 4-16: Measured and simulated LV phase voltages at wind turbine 38 (LV_38) at 
Burbo Bank during radial energisation from 75.6 to 76ms. The measurements (m) are 
shown in blue colour, the simulation results with the standard transformer model (s) in 
green colour and the simulation results with the FDTE transformer model (f) in red col-
our. 
It has been shown in this section that: 
 the travelling voltage waves in the collection grid of offshore wind farms can be 
created with Frequency Dependent (phase) cable model, detailed VCB models 
and standard or Black Box transformer models.  
(T5-T1)/2 
210µs 
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 the correct charging currents for all the cables in the radial during the energisa-
tion of the radial can be accurately replicated with Frequency Dependent (phase) 
cable models. 
 the transferred overvoltages from the MV side to the LV side of the transformer, 
during radial energisation, can be replicated with standard and Black Box trans-
former models.  
 further work should be done on the Black Box transformer models to correct the 
MV side current required by the model on time domain simulations. 
4.3.2 Radial disconnection with measurement equipment 
During the disconnection of a radial with measurement equipment installed in the radial, 
and two wind turbines, all the MVcircuit breakers (CB) or MV switch disconnectors 
(SD) of the wind turbines in the radial were switched in, in order for the measurement 
equipment to record transient voltages and currents. However, this radial disconnection 
is not a standard switching operation in the collection grid of offshore wind farms. 
 
In this section the time domain measurements and simulation results from Nysted, 
Horns Rev 1, Burbo Bank and Gunfleet Sands are shown. First, the electrical system in 
Horns Rev 1 and Gunfleet Sands is described, followed by the analysis of the measure-
ments and finally, the results from the simulations from the switching operation in 
Nysted.  
 
The measurements at the MV radial presented here were recorded in all wind farms at 
2.5MSample/s/channel. 
 
The wind turbines in Horns Rev 1 are connected in ―rows‖ by 36kV submarine cables. 
Each pair of rows is then connected to the offshore wind farm substation by one ―root‖ 
cable. The wind farm transformer TR1 (160MVA, 168/33kV) is placed just east of the 
wind farm. Each root cable is connected to a MV bus bar via a VCB (CB_MC1 to 5). 
There are ten rows, connected to the MV winding of the wind farm transformer. The 
submarine cables are connected to the bottom of each wind turbine. The wind turbine 
transformer WTT is connected via a MV circuit breaker (CB). The simplified single- 
line diagram of Horns Rev 1 Offshore Wind Farm is shown in Figure 10-20. 
 
The Gunfleet Sands project is located approximately 7km south-east off Clacton-on-
Sea, Essex. The project consists of two phases, Gunfleet Sands 1 (GFS1) with 30 wind 
turbines and Gunfleet Sands 2 (GFS2) with 18 wind turbines. Total capacity of Gunfleet 
Sands Offshore Wind Farm is 172MW corresponding to the consumption of 125,000 
British households.  
The wind turbines are connected in ―rows‖ by means of 36kV submarine cables. Pairs 
of rows are then connected to the platform by one ―root‖ cable via a VCB (CB_MV1 to 
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5). Two park transformers (120MVA, YNd1, 132/33kV) are placed on an offshore wind 
farm substation in the centre of the wind farm. The radials of GFS1 are connected to 
one wind farm transformer (TR1), and the radials of GFS2 are connected to the other 
wind farm transformer (TR2). The grid connection of the park transformers is estab-
lished via a single, three-phase HV submarine sea cable and a land cable to the PCC.  
The results from the measurements in Nysted, Horns Rev 1, Burbo Bank and Gunfleet 
Sands are shown in Figure 4-17 and Figure 4-18. Here, the measured radial feeder in the 
four offshore wind farms was disconnected while some of the wind turbines on the radi-
al were connected or under production and temporary overvoltages were measured at 
the cable side of the vacuum circuit breaker of the radial (MV_radial in Figure 10-14, 
Figure 10-20, Figure 10-15 and Figure 10-21). The positive sequence voltage and cur-
rent at the cable side of the vacuum circuit breaker of the radial when the radial feeder is 
disconnected at T1 in the four offshore wind farms are shown in Figure 4-17 and Figure 
4-18, respectively. 
 
As mentioned before, the turbines used in these four wind farms are Types A, C and D; 
are three of the most commonly used offshore wind turbines so far. 
The positive sequence voltages presented in Figure 4-17 shows the transient behaviour 
of the Type A wind turbines in red colour, Type C wind turbines in green and Type D 
wind turbines in blue. In general, it is possible to see that in Type D wind turbines the 
voltage increases sharply after the disconnection, but shortly after T2 the full-scale fre-
quency converter stops trying to increase the voltage and finally the system discharges 
[67]. In Type C wind turbines the voltage increases slowly until T3 where the voltage 
decreases sharply and the system discharges. In Type A wind turbines the voltage in-
creased very slow after the radial disconnection until T4 due to the rotor acceleration 
because of the shaft inertia and stiffness; then around T4 the capacitor bank in the wind 
turbines in the radial start disconnecting and the positive voltage decrease linearly until 
T5 when the capacitor bank in the wind turbine A01 connected again [27].  
 
In [27], the wind turbine model developed consists of an induction generator, shaft and 
the rotor‘s aerodynamics. During the validation of the model, the assumptions made on 
the wind turbine parameters and switching operations that occurred during the event led 
to an adequate representation of overvoltages. In addition, a sensitivity analysis revealed 
the influence of different wind turbine parameters on the simulation results.  
This study revealed that for the assessment of such switching operation, blade-angle 
control may be neglected, as its response in Type A wind turbines is relatively slow. 
However, the mechanical components of the wind turbines have a significant impact on 
simulation results and must be included. Similarly, the reactive power compensation 
equipment should be included in the model together with its correct control strategy. 
However, it is also clear that the control of the reactive power compensation for assist-
ing in complying with the fault ride-through requirements of the grid codes is in conflict  
 Time domain measurements and simulations of switching operations in the wind farm grid 
 
140 
 
Figure 4-17: Positive sequence voltage at the cable side of the vacuum circuit breaker of 
the radial when the radial feeder is disconnected, with some turbines connected or under 
production in four offshore wind farms. 
 
Figure 4-18: Positive sequence current at the cable side of the vacuum circuit breaker of 
the radial when the radial feeder is disconnected, with some turbines connected or under 
production in four offshore wind farms. 
T1     T2            T3   T4               T5 
T1 
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Figure 4-19: Measured and simulated MV voltage at wind turbine A01 in Nysted from 0 
to 500ms. The measurements are shown as well as the PSCAD simulation results. 
Adopted from [27]. 
with the island operation of the wind turbines. The measured and simulated MV phase 
A voltage at the wind turbine A01 during the entire switching operation is shown in  
Figure 4-19. Here it is possible to see that the simulations match very well the meas-
urements. 
 
In [67], the Type D wind turbine was studied in this work. Here, the converter system in 
the wind turbine and its control were simulated. Vector control for the converter system 
was introduced and the tuning methods for the controller are also explained.  
A simplified model of the Type D wind turbine is presented here which could be used to 
further develop a validated model for transient studies. The simplified wind turbine 
model was implemented in PSCAD and as well as the collection and export grid of 
Burbo Bank. The switch out radial operation with measurement equipment is simulated 
and compared against the measurements; also a sensitivity analysis was performed with 
the control constants in the wind turbine. The voltage and current transients obtained 
from the simulations differ greatly from the measurements. The measured and simulated 
MV phase A voltage at the MV radial during the switching operation is shown in Figure 
4-20. 
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Figure 4-20: Measured and simulated MV voltage at the MV radial in Burbo Bank from 
0 to 80ms. The measurements are shown as well as the PSCAD simulation results. 
Adopted from [67]. 
 
It can be concluded from this section that the wind turbines act differently after the radi-
al disconnection, depending on the technology used in the wind turbine. Also the maxi-
mum voltage is dependent on this different technology. It has been shown that detailed 
models can be created with approximated values, only for simple wind turbines like 
Type A, and not for complex turbines like Type D. Further work should be done in co-
operation with the wind turbine manufacturers to create a valid detailed wind turbine 
transformer models that can be used for EMT studies. 
4.3.3 Radial connection without measurement equipment 
During the connection of a radial without measurement equipment installed in an off-
shore wind farm, small voltage transients can be recorded. This radial connection is a 
standard switching operation in the collection grid of offshore wind farms. 
 
In this section the time domain measurements at Gunfleet Sands during the connection 
of a radial cable without measurement equipment, while the measurement system at MV 
radial and MV_F9 were recording at 2.5MSample/s/channel are shown. The results are 
shown in Figure 4-21. 
Here it is possible to see how a voltage dip and a small voltage transient are measured in 
the three phases and both locations. The voltage dip is caused after the cable connection 
Simulations 
Measurements 
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(left subplot); while the small voltage transient on top of the voltage dip (right subplot) 
is caused by the VCB operation in the offshore wind farm substation. This small voltage 
transient appears first in the offshore substation at 60ms, and then travels for 22µs to the 
last turbine in the radial (F9) and finally back to the offshore substation. The 22µs cor-
responds to the travelling time the voltage wave would take to travel from the offshore 
substation to wind turbine F9 based on the different cables‘ parameters and lengths.  
 
Figure 4-21: Measured three-phase voltages, during the energisation of a parallel cable 
in Gunfleet Sands from 55 to 65ms. The three-phase voltages on the offshore substation 
(OS) and the last wind turbine in the radial (F9) are shown in the left subplot, while a 
zoom in on each individual phase is shown in the three right subplots. Adopted from 
[38]. 
 
The voltage dip showed in this section, when a cable is connected, is relatively small if 
compared the voltage dip in section 4.3.6 when the capacitor bank in Burbo Bank is 
connected. 
4.3.4 Wind turbine transformer connection in a radial with meas-
urement equipment 
During the connection of a wind turbine in a radial with measurement equipment, tran-
sient voltages and currents would be measured in all locations. Only the measurements 
and simulation results at the MV radial (MV_radial), MV and LV of wind turbine 38 
(MV_38 and LV_38) are shown here. The wind turbine connection is a standard switch-
ing operation in the collection grid of offshore wind farms, even for the few seldom 
times performed a year.  
 
22µs 
22µs 
22µs 
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First, the measurements and simulation results are compared for the switching operation 
in Burbo Bank from Figure 10-22 to Figure 10-26. Afterwards, from Figure 10-27to 
Figure 10-29, Figure 4-22 and Figure 4-23 six additional study cases are compared 
where different parameters in the system are varied. The Base Case shown in Figure 
4-22 is the same as the simulation results shown from Figure 10-22 to Figure 10-26. 
 
In the simulations from Burbo Bank presented in this section, the LV circuit breakers 
were switched in, only a LV load was included in each wind turbine as stated in the 
wind turbine datasheet. 
 
The measurements from the LV side of the wind turbine transformer 38 in Burbo Bank 
have only a resolution of 44.1kSample/s/channel and not 2.5MSample/s/channel as in 
the MV measurements. 
 
The different component models used in PSCAD to simulate this switching operation in 
Burbo Bank are described in detailed in Table 10-9. Information about the transformer, 
cable, circuit breaker, wind turbine, wind farm substation and external grid models can 
be found here.  
 
The 4MVA 34/0.69kV Black Box transformer used in section 4.3.1.2 was used, even if 
the sampling of the measurements in the LV side is not sufficient for comparison.  
 
The main focus of this comparison is to analyse the transferred overvoltage between 
windings in the wind turbine transformer due to pre-strikes in the VCB as well as the 
inrush current due to the transformer energisation and the FDTE transformer model.  
 
Different parameters were varied in the three Study Cases: equivalent shunt capacitanc-
es in the transformer side of the wind turbine MV CB and the MV cable between the 
wind turbine MV CB and the wind turbine transformer. Also the wind turbine trans-
former model was varied. The VCB and MV cable difference between the Base Case 
and the Study Cases is shown in Table 10-10. The VCB equivalent capacitance of 12pF 
is based on a three-in-one-bus 242kV GIS [76]. The MV used is a PI section with the 
parameters of the cables used in the wind turbines based on the manufacturer‘s 
datasheet.  
 
Figure 10-22 shows the measured (m) and simulated (s) voltages and currents at the MV 
radial measurement location in Burbo Bank during the switching in operation of the 
wind turbine 38 from 60 to 100ms. It is possible to see that within this switching opera-
tion, two different phenomena have been recorded. First at T1 the phases in the VCB 
closes and at T2 the inrush current appears. Once the inrush current appears the voltage 
is slightly distorted.  
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In the measurements it is possible to see an initial steady state current due to the radial 
cable capacitance, while in the simulations the current is slightly less. After T1 high 
frequency current spikes were measured in the radial, something not completely repli-
cated by the simulations. In a similar way, after T2 the measured and simulated inrush 
current presents a magnitude and shape difference. The current difference could be due 
to the incorrect representation of the other wind turbines connected in the radial, since it 
was assumed that these turbines were under no production. On the other hand, the 
measured and simulated MV radial voltages are very similar to each other in all phases.  
Figure 10-23 shows the measured (m) and simulated (s) voltages and currents at the MV 
terminals of the wind turbine 38 in Burbo Bank during the switching in operation of the 
wind turbine 38 from 60 to 100ms. As in the figure above, two different phenomena 
have been recorded: at T1, the phases in the VCB close and at T2, the inrush current 
appears. Again, here there are differences in the magnitude and shape of the inrush cur-
rent; however, the simulations are representative. It is possible to see in the voltage 
waveforms that the pre-strikes have been simulated similar to the measurements. 
 
Figure 10-24 shows the measured (m) and simulated (s) voltages and currents at the LV 
terminals of the wind turbine 38 in Burbo Bank during the switching in operation of the 
wind turbine 38 from 60 to 100ms. As in the figure above, two different phenomena 
have been recorded: at T1, the phases in the VCB close and at T2, the inrush current 
appears reflected in the heavily distorted voltage shape. Again, here there are differ-
ences in the magnitude and shape of the current; however, the simulations are repre-
sentative. It is possible to see in the voltage waveforms that the pre-strikes have been 
simulated similar to the measurements; however, the voltage is more distorted after T2 
in the measurements than in the simulations. 
In this same figure it is possible to see the accuracy of the current probes used in the LV 
side of the transformer. 
 
Figure 10-25 shows the measured (m) and simulated (s) voltages at the LV terminals of 
the wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 
38 from 70 to 75ms. Here it is possible to see that all phases close before T3, and sever-
al pre-strikes are measured in all phases. Higher voltages are simulated than measured, 
but this could be due to the resolution in the measurements in the LV side of 
44.1kSample/s/channel. 
 
Figure 10-26 shows the same comparison as in Figure 10-23, just for phase B voltage 
during shorter time. Figure 10-26 shows the measured (m) and simulated (s) phase B 
voltages at the MV terminals of the wind turbine 38 in Burbo Bank during the switching 
in operation of the wind turbine 38 from 70.5to 73ms. It is possible to see here that nine 
pre-strikes have been measured, but only five simulated. Also, it is possible to see here 
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that after T4 high frequency and low magnitude transient voltages appear, probably due 
to bouncing in the poles of the VCB. 
 
Figure 4-22 shows the measured (m) and simulated phase B voltages at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching in operation of the wind 
turbine 38 from 70 .5to 73ms. The results from the Base Case (Base) and sensitivity 
analysis from Study Case 1 (SC1), Study Case 2 (SC2), Study Case 3 (SC3), Study 
Case 4 (SC4) and Study Case 5 (SC5) are shown here. 
In this figure it is possible to see how the rate of voltage increase after T1 in the Base 
case is very similar to the measurements, while the rate of voltage increase is heavily 
affected by the VCB capacitance and MV cables. This change in rate of voltage increase 
affects directly the amount of pre-strikes present in the system. However, no additional 
variation were made in the system around the VCB, since the parameters from the Base 
Case presented here are the same as in the Base Case parameters in the section 4.3.5, 
and variations in the system affect the pre-strikes and re-strikes in the simulations. 
 
Figure 4-22: Measured (m) and simulated (s) phase B voltages at the MV terminals of 
the wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 
38 from 70 .5to 73ms. The results from the sensitivity analysis from study case 1 (SC1), 
study case 2 (SC2), study case 3 (SC3), study case 4 (SC4) and study case 5 (SC5) are 
shown in the figure. 
In Figure 4-22 it is also possible to see the large effect of the FDTE transformer model 
in the simulations. If the FDTE transformer model is used instead of the standard trans-
former model, the system around the VCB in operation changes drastically and the 
number of VCB pre-strikes are increased together with the magnitude of the transferred 
overvoltage to the LV side of the wind turbine transformer. From the Study Cases 4 and 
T1 
T3 
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5, it is clear that the FDTE transformer changes the system so much that the effect of a 
cable between the VCB and the transformer is not visible. The transferred overvoltages 
to the LV side of the transformer are also increased with the FDTE model (see Figure 
10-28). 
 
Finally, in the Study Case 6, only the transformer model was tested, instead of the com-
plete wind turbine and collection grid as in the previous simulations. Here, a controlled 
voltage source in the MV side of the FDTE transformer model was defined with the 
input voltages from the measurements (see Figure 10-29). The LV side voltages are 
shown in Figure 4-23, here the simulated voltages have been multiplied by 1.4 to ac-
count for the lower positive sequence voltage ratio from the perturbed admittance ma-
trix. It is possible to see that after the pre-strikes, high frequency overvoltages are trans-
ferred to the LV side of the transformer. These overvoltages are higher than with the 
standard transformer model (Figure 10-27). However, it is not possible to assess which 
model is better to reproduce the transferred overvoltages, due to the low sampling fre-
quency of the LV measurements.  
 
Figure 4-23: Measured (m) and simulated phase B voltages at the LV terminals of the 
wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 38 
from 70 .5to 73ms. The results from the sensitivity analysis from study case 6 (SC6) are 
shown in the figure. 
Further results from an extended sensitivity analysis, from this switching operation in 
Burbo Bank, will be reported in [71]. 
 
From this section it can be concluded that the stray capacitances in the system surround-
ing the VCB in operation are very important to reproduce accurately the measured pre-
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strikes in Burbo Bank, if a standard transformer model with equivalent capacitances is 
used. On the other hand, if a Black Box transformer model is used, the system around 
the VCB in operation changes drastically, and the number of VCB pre-strikes are in-
creased together with the magnitude of the transferred overvoltage to the LV side of the 
wind turbine transformer. If only the Black Box model of the transformer is tested with-
out the wind turbine or collection grid (Study case 6), the response of the model is very 
similar to the available measurements. 
4.3.5 Wind turbine transformer disconnection on radial with meas-
urement equipment 
During the disconnection of a wind turbine in a radial with measurement equipment, 
transient voltages and currents would be measured in all locations. Only the measure-
ments and simulation results at the MV radial (MV_radial), MV and LV of wind turbine 
38 (MV_38 and LV_38) are shown here. The wind turbine disconnection is a standard 
switching operation in the collection grid of offshore wind farms, even for the few sel-
dom times performed a year.  
 
First, the measurements and simulation results are compared for the switching operation 
in Burbo Bank from Figure 10-30 to Figure 10-34. Afterwards, from Figure 4-24 to 
Figure 4-26 eight additional study cases are compared where different parameters in the 
system are varied. The Base Case shown from Figure 4-24 to Figure 4-26 is the same as 
the simulation results shown from Figure 10-30 to Figure 10-34. 
 
In the simulations from Burbo Bank presented in this section, the LV circuit breakers 
were switched in, only a LV load was included in each wind turbine as stated in the 
wind turbine datasheet.  
 
The measurements from the LV side of the wind turbine transformer 38 in Burbo Bank 
have only a resolution of 44.1kSample/s/channel and not 2.5MSample/s/channel as in 
the MV measurements. 
 
The different component models used in PSCAD to simulate this switching operation in 
Burbo Bank are described in detailed in Table 10-11. Information about the transformer, 
cable, circuit breaker, wind turbine, wind farm substation and external grid models can 
be found here.  
 
The 4MVA 34/0.69kV Black Box transformer used in section 4.3.1.2 was decided not 
to be used here, due to the large effect of the FDTE transformer in the system, as shown 
in section 4.3.4. Further work should be done on this topic.  
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The main focus of this comparison is to analyse the different parameters in the VCB and 
components surrounding the VCB to evaluate their effect on the re-strikes of the VCB.  
 
Different parameters were varied in the eight Study Cases: VCB parameters, equivalent 
shunt capacitances in the transformer side of the wind turbine MV CB, the MV cable 
between the wind turbine MV CB and the wind turbine transformer as well as the trans-
former equivalent capacitances. The main difference between the Base Case and the 
Study Cases is shown in the Table 10-12. The VCB equivalent capacitance of 12pF is 
based on a three-in-one-bus 242kV GIS [76]. The MV used is a PI section with the pa-
rameters of the cables used in the wind turbines based on the manufacturer‘s datasheet.  
 
Figure 10-30 shows the measured (m) and simulated (s) voltages and currents at the MV 
radial measurement location in Burbo Bank during the switching out operation of the 
wind turbine 38 from 60 to 100ms. It is possible to see that at T1 the phases in the VCB 
start opening and at T2 the phases opened completely. Due to the re-strikes in the wind 
turbine 38, high frequency current spikes appear between T1 and T2.  
Based on the MV radial current it is possible to see that the representation of the wind 
turbines only with a LV load is not accurate, since the wind turbine in the radial is under 
power production. However, this model is deemed sufficient since no additional infor-
mation or model is available from the wind turbine manufacturer. 
 
In Figure 10-31 the measured (m) and simulated (s) voltages and currents at MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching out operation of the 
wind turbine 38 from 60 to 100ms are shown. Here it is also possible to see high fre-
quency current spikes between T1 and T2. A similar voltage response after disconnec-
tion in the measurements is shown here compared to Figure 10-1 on page 238. 
 
Figure 10-32 shows the measured (m) and simulated (s) voltages and currents at the LV 
terminals of the wind turbine 38 in Burbo Bank during the switching out operation of 
the wind turbine 38 from 60 to 100ms. Here it is possible to see that the accuracy of the 
LV current measurements is not enough to extract any useful information from the cur-
rent before and after T1. 
 
In Figure 10-31 and Figure 10-32 it is possible to see, how the converter in the wind 
turbine tries to control the voltage for 20ms as previously shown in Figure 4-20.  
 
Figure 10-33 show the measured (m) and simulated (s) voltages and currents at the MV 
terminals of the wind turbine 38 in Burbo Bank during the switching out operation of 
the wind turbine 38 from 73 to 78ms. Here it is possible to see clearly the measured re-
strikes in all phases; however, such re-strikes are not replicated in the simulations. This 
is the reason for further analysis with the eight Study Cases. 
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Figure 4-24: Measured (m) and simulated (s) phase B voltages at the MV terminals of 
BB38 in Burbo Bank during the switching out operation of the wind turbine 38 from 
74.5to 75.5ms. The results from the sensitivity analysis from study case 1 (SC1), study 
case 2 (SC2) and study case 3 (SC3) are shown in the figure. 
 
Figure 4-25: Measured (m) and simulated (s) phase B voltages at the MV terminals of 
BB38 in Burbo Bank during the switching out operation of the wind turbine 38 from 
74.5to 75.5ms. The results from the sensitivity analysis from study case 4 (SC4), study 
case 5 (SC5) and study case 6 (SC6) are shown in the figure. 
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A further amplification of the phase B voltage from the measurements (m) and simula-
tions (s) is shown Figure 10-34. Here is possible to clearly see the eight measured re-
strikes from T1 to T2 as well as the simulated voltage without any re-strike. 
 
As mentioned before, the results from the eight Study Cases are shown in Figure 4-24, 
Figure 4-25 and Figure 4-26. 
 
In Figure 4-24 the measurements (m) and simulated phase B voltages at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching out operation of the 
wind turbine 38 from 74.5to 75.5ms are shown. The results from the base case (Base), 
study case 1 (SC1), study case 2 (SC2) and study case 3 (SC3) are shown in the figure. 
Here is possible to see that, if the A VCB parameter is lower than the 20V/µs used, sev-
eral re-strikes can be simulated.  
 
Figure 4-26: Measured (m) and simulated (s) phase B voltages at the MV terminals of 
BB38 in Burbo Bank during the switching out operation of the wind turbine 38 from 
74.5to 75.5ms. The results from the sensitivity analysis from study case 7 (SC7) and 
study case 8 (SC8) are shown in the figure. 
In Figure 4-25 the measurements (m) and simulated phase B voltages at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching out operation of the 
wind turbine 38 from 74.5to 75.5ms are shown. The results from the base case (Base), 
study case 4 (SC4), study case 5 (SC5) and study case 6 (SC6) are shown in the figure. 
Here is possible to see that if an equivalent VCB capacitance or MV cable between the 
VCB and the wind turbine transformer are added, the rate of voltage decreases and no 
re-strikes can be simulated.  
 
 Time domain measurements and simulations of switching operations in the wind farm grid 
 
152 
In Figure 4-26 the measurements (m) and simulated phase B voltages at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching out operation of the 
wind turbine 38 from 74.5to 75.5ms are shown. The results from the base case (Base), 
study case 7 (SC7) and study case 8 (SC8) are shown in the figure. Here is possible to 
see that if the wind turbine transformer equivalent capacitances are increased (SC8), no 
re-strikes can be simulated. On the other hand, if the wind turbine transformer equiva-
lent capacitances are decreased (SC7), many re-strikes can be simulated. 
 
From this section it can be concluded that the stray capacitances in the system surround-
ing the VCB in operation as well as the VCB parameters are very important to repro-
duce accurately the measured re-strikes in Burbo Bank during a wind turbine transform-
er disconnection. 
4.3.6 Capacitor bank connection 
During the connection of the capacitor bank in the collection grid of an offshore wind 
farm, severe transient voltages and current would be caused since a three-phase capaci-
tor is equivalent to a three-phase to ground fault for some milliseconds. Only the meas-
urements and simulation results at the MV radial (MV_radial), MV of wind turbine 22 
(MV_22) and MV of wind turbine 38 (MV_38) are shown here.  
 
The capacitor bank connection is a standard switching operation in the collection grid of 
small offshore wind farms, like the ones from Round 1 in the UK. However, this opera-
tion only is performed when required by the operational procedure to comply with the 
grid code. In the future large offshore wind farms, such reactive compensation equip-
ment will not be used due to the tough grid codes. 
 
The measurements (m) and simulation (s) results are compared for the switching opera-
tion in Burbo Bank in Figure 4-27, Figure 4-28, and from Figure 10-35 to Figure 10-38. 
Here, the simulations were performed with the three radials in the collection grid con-
nected. Additionally, two simulations were performed where the parallel radials in the 
collection grid were not all connected; this is shown in Figure 4-28. In Figure 4-28 the 
simulation results shown in the other figures as (s) is shown as (3r). 
 
In the simulations from Burbo Bank presented in this section, the LV circuit breakers 
were switched in, only a LV load was included in each wind turbine as stated in the 
wind turbine datasheet.  
 
The different component models used in PSCAD to simulate this switching operation in 
Burbo Bank are described in detailed in Table 10-13. Information about the transformer, 
cable, circuit breaker, wind turbine, wind farm substation and external grid models can 
be found here.  
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The main focus of this comparison is to analyse the transient voltages and currents dur-
ing the capacitor bank operation. 
 
Figure 4-27 shows the measured (m) and simulated (s) voltages and currents at the MV 
radial measurement location in Burbo Bank during the switching in operation of a Ca-
pacitor bank from 60 to 100ms. Here it is possible to see at T1 the capacitor bank been 
connected, and the oscillations in the voltage until T2.  
 
Figure 4-27: Measured (m) and simulated (s) voltages and currents at the MV radial 
measurement location in Burbo Bank during the switching in operation of a Capacitor 
bank from 60 to 100ms. The top figure shows the currents, while the bottom figure 
shows the voltages. 
Figure 10-35 shows each phase voltage for the same time frame as Figure 4-27; here it 
can be seen that the natural frequency oscillations after T1 are different between the 
measurements and the simulations, while they appear to have the same damping. 
 
In Figure 10-36 the measured (m) and simulated (s) voltages at the MV radial measure-
ment location in Burbo Bank during the switching in operation of a Capacitor bank from 
63 to 65ms are shown. This figure is basically an amplification of the Figure 10-35. 
Here it is possible to see that from T1 to T3 the measured and simulated voltages seem 
to be the same, just after T3 differences appear. At T3, the voltages in all phases reach 
0kV, as at T1; most likely this shows a pre-strike in the capacitor bank circuit breaker.  
 
T1 
T2 
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Now the measured (m) and simulated (s) current at the MV radial measurement location 
in Burbo Bank during the switching in operation of a Capacitor bank from 63 to 65ms 
are shown in Figure 10-37. Here, discrepancies are present again after T3.  
 
Figure 4-28: Measured (m) and simulated (s) phase C voltages at the radial measure-
ment location in Burbo Bank during the switching in operation of a Capacitor bank from 
60 to 100ms. Two additional simulations were done where the influence of the other 
radials connected during the switching operation happens, has been analysed; 3r) shows 
the results if all the radials in Burbo Bank are connected, 2r) shows the results if only 
two radials in Burbo Bank are connected, and 1r) shows the results if only one radial in 
Burbo Bank is connected. The subplot in the figure shows the selected time frame to 
ease the comparison. 
 
Figure 10-38 shows the measured (m) and simulated (s) phase C voltages at all meas-
urement locations in Burbo Bank during the switching in operation of a Capacitor bank 
from 63 to 64ms. Here it is possible to see at T1 how the capacitor bank is connected 
and the voltage decreases from -25kV to 0kV, then at T1+210µs the negative step volt-
age doubles and the voltage in the wind turbine changes from -25kV to almost 25kV, 
and finally at T3, the voltage wave travels back to the MV radial.  
 
Figure 4-28 shows the two additional simulations performed where the parallel radials 
in the collection grid were not all connected. Here, the simulation results when the ca-
pacitor is connected with three radial cables (3r), with two radial cables (2r) and finally, 
with one radial cable (1r) are shown. It is possible to see in this figure that the amount 
of cables changes the transient response of the system dramatically; not only the natural 
frequency of the oscillation, but also the damping and hence the maximum voltages. 
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Here it is possible to see that the maximum voltage is reached with only one radial cable 
connected, and the damping is the least compared with the other cases. 
 
It is important to mention that the capacitor bank is only connected when all the wind 
turbines are energised producing power, and hence all the radial cables would be con-
nected. 
 
It can be concluded from this section that transient overvoltages caused by the capacitor 
bank connection in the collection grid can be reproduced without detailed component 
models. However, the maximum overvoltage is very dependant on the system configu-
ration, hence it is very important to create correct procedures during the design stage 
togeather with the wind farm operator to perform such switching operations. 
4.3.7 Energisation of wind turbine transformers with an auxiliary 
generator in a large offshore wind farm under islanded opera-
tion  
During emergency situations in large offshore wind farms in Germany, where the 
HVDC connection to shore can be lost for a certain period of time, an emergency diesel 
generator at the offshore platform substation would be required to supply auxiliary 
power to the wind turbines. Hence, it is important to estimate the correct size of the syn-
chronous generator, which is able to supply the needed active and reactive power to the 
wind turbines under transient and steady state. In many cases, the MVA rating of the 
diesel generators will be lower than the MVA rating of the wind turbine transformers. 
The reason behind this is that the auxiliary power needs of the wind turbine is low com-
pared to their rated power; however, for space and cost saving reasons, there is often not 
a lower MVA rated auxiliary wind turbine transformer. Therefore, auxiliary power 
needs of the wind turbine are provided through the main wind turbine transformer.  
 
In this section the process for prediction of transient voltages and currents, based on a 
previous validation process, is shown. This section is entirely based on [19]. 
 
First, the export system and collection grid of Burbo Bank with 4MVA wind turbine 
transformers were modelled with all the available as-built information using standard 
models in PSCAD: with PI sections and ideal breakers. The results shown here are simi-
lar to the section 4.3.3, but the focus in this study is only on the inrush current of the 
wind turbine transformer 38 (WTT_38), not in the overall transient phenomena in the 
collection grid. 
The circuit breaker on the MV side of the wind turbine transformer (MV_38) was mod-
elled with an ideal three-pole mechanism, while the entire collection grid cables were 
modelled as PI sections. These two variations are the only changes made to the Burbo 
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Bank model shown in section 4.3.3, since the step time can be reduced considerably and 
the accuracy for this study is not compromised. 
 
The comparison between the measured and simulated currents at the terminals of the 
wind turbine transformer during the switching operation is shown in Figure 10-39.  
The difference in the current at the MV wind turbine transformer terminals around 0.07s 
of the energisation of the transformer is due to the prestrike in the VCB energising the 
transformer. As mentioned before, the breaker used in the simulations is ideal; hence 
this phenomenon is not replicated in the simulations. In section 4.3.4, the same switch-
ing operation was simulated using a detailed VCB model to reproduce the measured 
pre-strikes. 
 
The difference in the current at the MV wind turbine transformer terminals after 0.09s 
in the low current value between asymmetrical inrush current peaks is due to a meas-
urement error. In the delta connection of the MV side of the transformer, the sum of the 
three-phase currents should be zero; however, if this is calculated with the measurement 
there is a constant negative value during the inrush current. This is a clear error in the 
measurement system. 
The root mean square deviation between the measurements and the simulations, from 0 
to 0.2s, for each phase current in the MV terminals of the wind turbine transformer are 
0.01kA in phase A, 0.02kA in phase B and 0.02kA in phase C. 
 
Once the wind turbine transformer saturation has been validated, the predictive study 
can be performed for the energisation of a wind turbine transformer with an auxiliary 
generator in a large offshore wind farm under islanded operation. 
 
The offshore wind farm analysed in this predictive process of the study has sixteen radi-
al strings with five wind turbines connected to each of the strings. However, during 
emergency situation, the wind farm would be split in two, so only forty wind turbines 
have been modelled here. In Figure 10-40, a simplified single line diagram of the collec-
tion grid during emergency situation is shown. Here it is possible to see the components 
connected in the offshore platform as well as five wind turbines (01 to 05). Each radial 
string has the same amount of wind turbines (the average separation between wind tur-
bines is slightly above 1km), for space reasons only one radial is depicted in Figure 
10-40. 
 
In the offshore substation‘s 33kV busbar, the submarine cables, reactors and the step-up 
transformer for the synchronous generator are connected. In each wind turbine a circuit 
breaker (CB), wind turbine transformer (WTT), and low voltage auxiliary load (LVL) 
were included in the PSCAD model of the wind farm.  
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During emergency situation there are three different voltage levels: 0.4kV at the syn-
chronous generator, 33kV at the collection grid and 0.69kV in the wind turbines low 
voltage side.  
The total length of the 33kV submarine cables (ie eight radials modelled for the study) 
is 46km, resulting in a total reactive power generation of almost 3MVAr. Two reactors 
of 1.5MVAr each are planned to compensate the 33kV cable generated reactive power.  
 
The studies performed here do not focus on possible overvoltages caused by low har-
monic order resonances due to the weak grid and extensive use of submarine cables. 
The influence that different earthing arrangements may have in the results has not been 
investigated either. The procedure and results presented here try to add engineering 
knowledge on the subject specifically for this application, as well as to highlight the 
importance of the design of the auxiliary system and emergency energisation procedures 
in large offshore wind farms. 
 
The prospective inrush currents during the energisation of wind turbine transformers in 
the wind farm during islanded operation were estimated covering different energizing 
scenarios in five study cases. In this way, worst case procedures could be identified in 
the Study case 3 when the last wind turbine transformer furthest away from the platform 
in the collection grid is energised with residual flux, with all the reactive compensation 
elements connected in the offshore substation and unity reference voltage in the genera-
tor 
 
During transient conditions of the Study case 3, the current, and reactive power required 
from the auxiliary generator exceeds its rated values. Hence, an optimised procedure to 
reduce the loading generator has been simulated with different generator reference volt-
age, AVR constants and reactive compensation in the offshore substation. Here, the 
reference voltage at the exciter is reduced to 0.9p.u. The AVR constants were set to the 
values based on the potentiometer position 5 and one of the 1.5MVAr reactors in the 
33kV busbar was disconnected. 
 
By applying these changes in the optimised procedure, the saturation in the transformers 
would be reduced and the loading of the generator reduced. These changes represent 
simple engineering solutions possible to realise during islanded operation. 
The reactive power compensation in the 33kV busbar is not a standard solution in all 
offshore wind farms and should be analysed case by case. Other technologies could be 
used in the future like variable reactors or even SVCs.  
 
Figure 4-29 shows the generator steady state capability curve as well as the active and 
reactive power in the generator at different stages for Study case 3 and the optimised 
procedure. This capability curve (solid blue line) includes the active and reactive power 
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limitation under different loading and excitation conditions, guaranteed by the manufac-
turer. It is possible to see for both simulations the initial stage (black circle) before the 
switching operation, the transient period after the switching operation (dotted blue line) 
and the final steady state (green circle). 
It can clearly be seen that in the optimised procedure the loading of the generator does 
not exceed the capability curve at any moment. In general, the reference voltage and 
AVR constants decreased the total current during the transient conditions, and the max-
imum variation of the reactive power was reduced from 1.85MVAr to 1.25MVAr; while 
the reactive power compensation in the substation, moved the initial operating condition 
from 0.9MVAr to -0.75MVAr. 
 
Figure 4-29: Capability curve, active and reactive power in the generator at different 
stages from case 3 and the optimised procedure. The capability curve of the generator 
(Gen) is shown in solid blue colour, the initial steady state at 2s (Initial) is shown with a 
black circle and the final steady state (Final) at 5s is shown in a green circle. The transi-
ent period between 2s and 5s (Transient) is shown in dotted blue colour for the opti-
mised procedure and for the case 3. Adopted from [19]. 
There is a clear difference between the Nysted, Burbo Bank, Horns Rev 1 and Gunfleet 
Sands offshore wind farm analysed and this farm, as the reactors and synchronous gen-
erator in the 33kV busbar have been added to the offshore substation. The addition of 
these components is based on the grid codes and new engineering requirements in Ger-
many.  
The emergency energisation procedure analysed here is, of course, not common, and it 
will be used in case of HVDC converter outage. However, it is necessary that the diesel 
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generator is able to cope with the calculated stresses without negative effects on its life-
time, and without tripping, due to over current, under voltage or over voltage protection. 
4.4 Switching operations in the export system 
In this section, the measurements and simulation results from the following switching 
operations in the export system are shown: 
 Wind farm disconnection and connection due to maintenance work in 4.4.1 for 
Gunfleet Sands Offshore Wind Farm, 
 Wind farm export system connection in 4.4.2 for Gunfleet Sands Offshore Wind 
Farm, 
 Wind farm export system disconnection after a fault in 4.4.3 for Walney 2 Off-
shore Wind Farm. 
 
Figure 10-41 shows the simplified export system of Gunfleet Sands Offshore Wind 
Farm. Here it is possible to see the location of the measurements at the MV side of the 
transformer TR1 (MMV1), MV side of the transformer TR2 (MMV2) and cable side of 
the CB_HV (MHV), as well as the main circuit breakers and components in the electri-
cal system. 
 
Figure 10-53 shows the simplified export system of Walney 1 Offshore Wind Farm. 
Here it is possible to see the location of the current from the grid (Isource) as well as the 
main circuit breakers, and components in the electrical system. 
 
Figure 10-54 shows the simplified external grid, export system and collection grid of 
Walney 2 Offshore Wind Farm. Here it is possible to see the location of the fault, as 
well as the analysed GIS circuit breaker. In this figure the main components in the elec-
trical system are shown. 
4.4.1 Wind farm disconnection and connection due to maintenance 
work 
Maintenance work in the electrical system of large offshore wind farms, is a seldom 
operation but one operation was recorded with the Elspec measurement system and was 
used in this section to validate the external grid of Gunfleet Sands Offshore Wind Farm. 
All the available information was used to create the PSCAD model of the export grid. 
All the simulations were performed with ideal breakers, standard transformers, and Fre-
quency Dependent (phase) component models with a step size of 5µs. No auxiliary load 
was included in any of the MV busbar in the offshore wind farm substation. 
 
The extended external grid created for [30] was used here. The equivalent capacitances 
in the wind farm transformer are based on the SFRA measurements (see section 2.3.3.4 
on page 77). 
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The operational procedure recorded to disconnect and connect the export grid of Gun-
fleet Sands Offshore wind farm is: 
1. Ramp down wind power production 
2. Switch out CB2_HV 
3. Switch out CB1_HV 
4. Switch out CB_HV 
5. Switch in CB_HV 
6. Switch in CB2_HV 
7. Switch in CB1_HV 
8. Ramp up wind power production. 
 
Only the steps 2 to 7 are analysed in this section.  
 
Figure 10-41 shows the simplified export system of Gunfleet Sands Offshore Wind 
Farm. Here it is possible to see the location of the measurements at the MV side of the 
transformer TR1 (MMV1), MV-side of the transformer TR2 (MMV2) and cable side of 
the CB_HV (MHV). As well as the main circuit breakers and components in the electri-
cal system. 
 
The measurements and simulation results from the operational procedure steps are 
shown as follow: 
 Switch out CB2_HV in Figure 10-42, 
 Switch out CB1_HV in Figure 10-43, 
 Switch out CB_HV in Figure 10-44, 
 Switch in CB_HV in Figure 10-45 and Figure 10-46, 
 Switch in CB2_HV in Figure 10-47 and Figure 10-48,  
 Switch in CB1_HV from Figure 10-49 to Figure 10-52, Figure 4-30 and Figure 
4-31. 
 
One additional simulation was performed during the switch in of CB_HV to compare 
the measurements with both simulations. In this additional simulation the submarine 
and land cables of the export grid were modelled as a PI section (PI) and not as a Fre-
quency Dependent (phase) model (dis) as in the rest of the simulations in this section. 
The results of this comparison are shown in Figure 10-46. 
 
During the Switch in CB1_HV four additional simulations were performed and com-
pared with the measurements where additional MV cables, HV cables and capacitances 
were included in the offshore wind farm substation. Then, the step size in one of the 
simulations was decreased in one simulation from 5µs to 1µs. Finally, the FDTE trans-
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former model from the 120MVA transformer (Oil-120MVA-tap01 in Figure 3-7) was 
used in two simulations.   
The results from the simulation with a simple offshore wind farm substation model 
(simple) and with a detailed offshore wind farm substation model (detail) are shown in 
Figure 4-30, together with the simulated step size of 5µs (5us) or 1µs (1us). The simula-
tion results shown here as (5us-simple) are the results shown in Figure 10-49 and Figure 
10-50 as (s). The results from the FDTE transformer model are shown in Figure 10-51, 
Figure 10-52 and Figure 4-31. 
 
Figure 10-42 shows the measured and simulated voltages and currents during the 
switching out operation of the circuit breaker CB2_HV. The measurements and 
simulations at a) MHV, b) MMV2 and c) MMV1 are shown here. Here it is possible to 
see that the charging current of the cable at MHV matches between the measurements 
and the simulations before the switching operation at T1. Then after T1, ring-down 
voltages appear in all the phases at the MV side of the wind farm transformer 2. The 
simulated ring-down voltages are smoother than the measured ones. However, based on 
this comparison it can be concluded that the CB2_HV operated even if no measure-
ments were available from the HV side of the wind farm transformer 2. Also in this fig-
ure it is possible to see that the MV side of both wind farm transformers were not load-
ed and the wind turbines were not under production. In the measurements, after the ring-
down voltages a voltage spike appears, however, this is not a real voltage spike in the 
system but an error in the Elspec measurement equipment. Further errors are shown in 
the Elspec measurement equipment during the other switching operations in this section. 
 
Figure 10-43 shows the measured and simulated voltages and currents during the 
switching out operation of the circuit breaker CB1_HV. The measurements and 
simulations at a) MHV, b) MMV2 and c) MMV1 are shown here. In this figure it is 
possible to see the disconnection at T1, followed by ring-down voltages in all phases 
and finally a voltage spike in the measurements at T2. 
 
Figure 10-44 shows the measured and simulated voltages and currents at the cable side 
of the CB_HV during the switching out operation of the circuit breaker CB_HV. It is 
possible to see that the phase A is opened at T2, phase C at T3 and finally, phase B at 
T4. Here measurement errors can be seen at T1 and T5.  
A clear difference on the voltages is shown between the measurements and the 
simulations, since in the simulated voltages in the cable remains charged after the 
disconenction with a constant voltage, something not measured in the voltages at 
CB_HV. In the measurements several re-strikes are measured after each phase 
disconnection, folowed by a voltage decrease in the cable. This difference is due to the 
simplified circuit breakers used for the simulations, as well as for the lack of voltage 
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and current transformers in the HV simulated system that would discharge the cable in 
the real system. 
 
Figure 10-45 and Figure 10-46 show the measured (m) and simulated voltages and 
currents at the cable side of the CB_HV during the switching in operation of the circuit 
breaker CB_HV for different time frames. The simulation results using a Frequency 
Dependent (phase) model (dis) and PI section (PI) are shown here. 
In these figures it can be seen that the switching operation occurs around T2 in all 
phases, as well as a measurement error at T1 and T3. This measurement error is also 
present before the switching operation occurs, and can be seen in the currents before T2. 
In these two figures it is possible to see that the simulation results are representative in 
comparison with the measurements; however, the frequency of oscillation and damping 
after the switching operation occurs is considerably different between the measurements 
and both simulations. The oscillation frequency in both simulations is higher than in the 
measured system. The damping in both simulations is higher than in the measurements. 
 
Figure 10-47 and Figure 10-48 show the measured (m) and simulated (s) voltages and 
currents during the switching in operation of the circuit breaker CB2_HV. Here it is 
possible to see that around T2 all the simulated and measured phases in the CB2_HV 
close. Then at T3 the inrush current from the TR2 transformer appears in MHV. At T2, 
a high freqeuncy oscillation in the voltage appears at MMV2. There is a measurement 
error at T1 in the currents at MHV, and also at T2 in the currents at MMV2. After T2, a 
current in phase A and C appears for several cycles, and then disappears from the 
measurements (not shown). 
It is possible to see that in the simulations the three phases of the CB2_HV close at T2, 
while in the measurements one phase closes at T4. However, this was not properly 
reproduced since, due to the wye-delta connection in the wind farm transformers, it is 
not possible to estimate the exact closing time of each phase in the HV breaker from the 
MV measurements. 
Due to this difference in the simulated switching operation, after T3, two of the phases 
of the inrush current are very different from the measurements. 
Another difference between the measurements and the simulations is that the voltage 
distorsion in MHV and MMV2 after T3 is worse in the measurements than in the 
simulation. This difference is due to the external grid representation.  
 
Additionally, in Figure 10-48 it is possible to see in MMV2 an oscillation of around 
4kHz is measured after T4 in all voltages. 
 
Figure 10-49 and Figure 10-50 show the measured (m) and simulated (s) voltages and 
currents during the switching in operation of the circuit breaker CB1_HV. Here it is 
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possible to see that around T2 all the simulated and measured phases in the CB1_HV 
close. Then at T3, the inrush current from the TR1 transformer appears in MHV. At T2, 
a high frequency oscillation in the voltage appears at MMV1 and MMV2. 
There is a measurement error at T1 in the currents at MHV, and also at T2 in the 
currents at MMV1. After T2, a current in phases A, B and C appears for several cycles, 
and then disappears from the measurements (not shown). 
 
It is possible to see that in the simulations the three phases of the CB1_HV close at T2, 
while in the measurements one phase closes at T4. However, this was not properly 
reproduced, since due to the wye-delta connection in the wind farm transformers, it is 
not possible to estimate the exact closing time of each phase in the HV breaker from the 
MV measurements. 
Due to this difference in the simulated switching operation, after T3, two of the phases 
of the inrush current are slightly different from the measurements. 
Another important difference between the measurements and the simulations is the 
simulated high frequency oscillation superimposed in all phases MMV1 and MMV2 
after T2. This is further studied in Figure 4-30. 
 
Two additional simulations were performed where additional PI sections and 
capacitances were added in the offshore wind farm substation during the switch in 
operation of the CB1_HV, in order to analyse the high frequency contents of the 
transient overvoltages. The main variation from the two additional simulations is shown 
in Table 10-14, while the results are shown in Figure 4-30 
 
The additional PI sections included were four 20m PI section representing the cable 
between: 
 the CB1_HV and the TR1,  
 the CB2_HV and the TR2,  
 the CB1_MV and the TR1,  
 the CB2_MV and the TR2. 
 
The additional capacitances to ground on the transformer side of CB1_HV and 
CB2_HV are 0.1µF, to account for the capacitance/meter of the GIS system as recom-
mended by [76]. Finally, the ―detail‖ system was run at 1µs time step instead of 5µs. 
 
In Figure 4-30, it is possible to see that none of the simulations show the exact same 
behaviour as the measurements. It is important to remember that the Elspec measure-
ment system has only a resolution on 1024 samples per cycle, which in a 50Hz system 
would represent a sample every 19.5µs. Such low resolution is not sufficient for transi-
ent studies, without taking into account that the Elspec measurement system is connect-
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ed to the protection and monitoring current and voltage transformers that have poor 
transient capabilities. 
Also in this figure, it is possible to see that the magnitude and frequency of the high 
frequency oscillations superimposed in MMV1 and MMV2 are very sensitive to the 
capacitances and cables in the system, as well as to the step size used in the simulations. 
It is possible to see that in MMV2 no oscillation is measured after T2, while in all the 
simulations an oscillation of 5kV and 22 kHz in 5us-simple, of 8kV and 20 kHz in 5us-
detail and finally, at 1us-detail an additional superimposed oscillation of 5kV and 1MHz 
is present on top of the 8kV and 20 kHz from 5us-detail. 
 
A similar phenomenon in the simulations in MV1 appears as in MV2, but with in-
creased magnitude. On the other hand, it is possible to see that in MMV1 an oscillation 
of 4 kHz is measured after T2. In all the simulation results in MMV1 the high frequency 
oscillations are present: 35kV and 22kHz in 5us-simple, of 17kV and 20kHz in 5us-
detail and finally at 1us-detail an additional superimposed oscillation of 5kV and 1MHz 
is present on top of the 17kV and 20kHz from 5us-detail. 
It is important to compare this 20 to 22kHz natural frequency oscillation simulated on 
the MV side of the 120MVA wind farm transformer of Gunfleet Sands, since they 
match the 120MVA natural resonance frequency calculated and measured on the 
120MVA wind farm transformer of Walney 1 in Figure 2-29. The reason for this match 
is that the equivalent capacitances used in this study are based on the FRA measure-
ments from the Walney wind farm transformer.  
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Figure 4-30: Measured and simulated phase C voltages at the MV side of the wind farm 
transformers 1 and 2 during the switching in operation of the circuit breaker CB1_HV. 
The voltage at MMV2 is shown in the top, and the voltage at MMV1 is shown in the 
bottom subplot. In each subplot the measurements (m), the PSCAD simulations with the 
simple offshore substation model and 5µs time step (5us-simple), the PSCAD 
simulations with the detailed offshore subtation model and 5µs time step (5us-detail) 
and the PSCAD simulations with the detailed offshore subtation model and 1µs time 
step (1us-detail) are shown. 
 
It is possible to see that the 4kHz measured oscillation in MMV2 after T2 (Figure 
10-48) and in MMV1 after T2 (Figure 10-50 ) does not match any resonance frequency 
from the recommended OCLV SFRA (Figure 3-14) in any of the Walney wind farm 
transformers. So most likely, this 4kHz voltage oscillation is a measurement error from 
the measurement system. 
Two additional simulations were performed, where the FDTE model from the 120MVA 
transformer in tap 1 was used. The results from the first study are shown in Figure 
10-51, here the ―simple‖ offshore substation system was used, but the model of TR2 
was exchange for a FDTE model. It is possible to see in this figure that the phase shift 
between primary and secondary sides of the wind farm transformer model is incorrect. 
Hence, an additional simulation was performed where the voltage source used in the 
export grid was shifted 83, the results are shown in Figure 10-52 and Figure 4-31. In 
these two figures the magnitude of the voltages in MMV1 was increased 30% to match 
T2 
T5 
100µs 
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the steady state measured value. This error is due to the tap changer position of the 
measured transformer, as well as the positive sequence high to low voltage ratio mistake 
in the perturbed admittance matrix, as corrected before in the 4MVA transformer.  
In Figure 4-31, it is possible to see some oscillations in all simulated voltages after the 
switching operation, but the oscillations damp faster than the measurements. Also it is 
possible to see that the maximum simulated voltage in phase A is higher than the meas-
urements, while in phase C the measured voltages are higher than in the simulations.  
 
Figure 4-31: Measured (m) and simulated voltages at the MV side of the wind farm 
transformer 1 during the switching in operation of the circuit breaker CB1_HV. The 
PSCAD simulations with the FDTE transformer model, 1µs step size, multiplied by 1.3 
and with the phase angle of the voltage source with 83 less is shown ((1us-FDTE)*1.3-
83) from 96.5 to 100ms. 
It can be concluded from this section that standard switching operations in the export 
grid of large offshore wind farms, can be replicated with standard and detailed EMT 
models. However, import variations were found in the results when different models, 
stray capacitances, components in the offshore substation, as well as step size in the 
simulations were used.  
4.4.2 Wind farm export system connection 
In this section the process for prediction of transient voltages and currents is shown. 
This section is entirely based on [29].  
 
The model of Walney Offshore Wind Farm phase 1(Walney 1) was created based on as-
built information from the main components like cables, reactors, filters and switchgear. 
Energising operations of the export cable, reactor and filter in the onshore substation 
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were simulated, in order to generate appropriate recommendations for configuration of 
the GIS point-on-wave setup. 
 
Walney 1 consists of two parts, Walney Offshore Wind 1 (WOW1) with 21 wind tur-
bines and Walney Offshore Wind 2 (WOW2) with 30 turbines, each with a rated power 
of 3.6MW each.  
The wind turbines are connected in ―rows‖ by 36kV submarine cables. Pairs of rows are 
then connected to the platform by one ―root‖ cable. Two park transformers (120MVA, 
132/33kV) are placed on an offshore platform in the centre of the wind farm. Each root 
cable is connected to a 36kV busbar via a vacuum circuit breaker (VCB). The radials of 
WOW1 are connected to one park transformer, and the radials of WOW2 are connected 
to the other park transformer. Furthermore, included in the models was the connection 
of the park transformers via so-called export cables, consisting of a single three-phase 
HV submarine cable (132kV /45km) and land cable (132kV /3km) to the grid connec-
tion point on land. The export system of Walney 1 is shown in Figure 10-53, and the 
collection grid is shown in Figure 4-38. 
 
In Figure 10-53 it is possible to see the installed 60MVAr reactor and a filter in the on-
shore substation, in order to comply with the Grid Code requirements. 
 
All simulations for this study were performed in PSCAD using the available infor-
mation about the components with a time step of 400ns for all the simulations. The dif-
ferent component models used are described in detailed in Table 10-15.  
 
After several simulations where the point-on-wave switching of the three main breakers 
BRK, BRK_f and BRK_r were studied independently, two simulations were performed 
where the three breakers were connected in a sequence at different times, to estimate the 
best and worst switching operations: 
 Best switching. Here the wind farm breaker (BRK), the wind farm reactor 
breaker (BRK_r) and the wind farm filter breaker (BRK_f) were closed at zero 
crossing of the phase voltage (0°), peak voltage of the phase voltage (90°) and 
zero crossing of the phase voltage (0°), respectively.  
 Worst switching. Here the wind farm breaker (BRK), the wind farm reactor 
breaker (BRK_r) and the wind farm filter breaker (BRK_f) were closed at peak 
voltage of the phase voltage (90°), zero crossing of the phase voltage (0°), peak 
voltage of the phase voltage (90°), respectively. 
 
The switching times of the different breakers are shown in the Table 10-16. These times 
were defined based on the phase angle of the voltages and the independent operation of 
BRK, BRK_r and BRK_f. 
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In both cases (best and worst) the switching times were kept the same, just the phase 
angle of the voltage source was changed. The current at the voltage source of these two 
simulations is shown in Figure 4-32.  
 
Figure 4-32: Simulated phase L1, L2 and L3 currents, for best (B) and worst (W) case 
switching operation phase angles, from 50ms to 200ms in the voltage source. Adopted 
from [29]. 
 
Here can be seen a clear difference between switching at the best and the worst switch-
ing angles. When closing at the worst switching angles (BRK at 90°, BRK_r at 0° and 
BRK_f at 90°) there is a very high current, as can be expected due to the cable capaci-
tance (from 60-70ms), a high DC current due to the reactor (from 90-110ms) as well as 
the transient current due to the filter (from 120-140ms). It is important to mention that 
this switching operation would yield the worst asymmetrical current, due to the DC cur-
rent component caused by the reactor; hence, no zero crossing of the current is expected 
for several cycles. When closing at the best switching angles (BRK at 0°, BRK_r at 90° 
and BRK_f at 0°), the previously mentioned capacitive transients as well as the DC off-
set can be avoided. Here, the magnitude of the filter transients has decreased, but due to 
the filter design, these transients cannot be avoided completely.  
 
The worst case switching operation may lead to zero-missing phenomena. The problem 
here is that in a fully compensated cable with the reactor connected, the capacitor and 
inductor have equal impedance, and the current in the capacitor and inductor would 
have equal current amplitude with opposite phase angle [84]. The current in the inductor 
could also have a DC component, which would depend on the voltage at the moment of 
connection. 
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It can be concluded from this section that standard switching operations in the export 
grid of large offshore wind farms, can be predicted with standard models. It was also 
shown the importance of transient modelling in the creation of operational procedures, 
and selection of equipment. 
4.4.3 Wind farm export system disconnection after a fault 
In this section the process for prediction of the Transient Recovery Voltage (TRV) 
across the terminals of the main 132kV Line Bay GIS circuit breaker (GIS CB) for 
Walney Offshore Wind Farm phase 2 (Walney 2) is shown. This section is entirely 
based on [32].  
 
Here several simulations were performed in PSCAD where the influences of different 
parameters in the network were evaluated during a fault in the onshore substation. The 
rate of rise of recovery voltage (RRRV) and the maximum crest voltage (Uc) of the 
TRV across the GIS CB were compared against the standard values based on the IEC 
62271-100:2008. 
 
The wind turbines in Walney 2 are connected in ―rows‖ by 36kV submarine cables. 
Pairs of rows are then connected to the platform by one radial feeder cable. Two wind 
farm transformers (120MVA YNd1 132/33kV) are placed on an offshore platform in the 
centre of each wind farm. The radial feeders of half of the farm are connected to one 
wind farm transformer (Park transformer 1) and the other half is connected to the other 
wind farm transformer (Park transformer 2). The wind farm transformers are connected 
via a single export cable system consisting of a three-phase HV sea cable (Sea cable) 
and a HV land cable (Land cable) to the grid connection point on land. The wind farm 
layout is shown in Figure 10-54. 
 
The model of the Walney 2 was created in PSCAD to predict the highest possible 
RRRV and Uc across the CB terminals after current interruption. In order to do so, sev-
eral simulations were performed with variation of selected parameters like the stray ca-
pacitances, cables connected to the PCC, wind farm power production, OHL in the ex-
ternal grid and different fault types . The different simulated faults included were three-
phase ungrounded, line-to-line and single line to ground faults. The calculated values 
were compared against the standard values based on the IEC 62271-100:2008. The sys-
tem condition and the main parameters varied for each study case are described in de-
tailed in Table 10-19.  
 
The export system and a simplified collection grid of Walney 2 are modelled up to the 
point of common coupling (PCC) at 132kV level. Walney 2 will connect to the Stanah 
substation of the United Utilities network.  Each electrical component is modelled from 
the onshore busbar over 132kV export system down to three feeders on each park trans-
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former. The wind turbines connected to each 33kV radial feeder were represented by 
one aggregated model connected to the radial feeder. The connection of each aggregated 
model was made through a long submarine cable to account for the total capacitance of 
all the cables in the radial feeders. 
 
The main data and characteristics of the individual electrical components included in the 
simulation model are shown in Table 10-17. 
 
The results from all the study cases are shown in Figure 4-33 and Figure 4-34 except 
V10. Table 10-20 shows a summary of the maximum Uc and RRRV for the different 
study cases for the TRV in the GIS CB in Walney 2. 
 
Figure 4-33 shows the voltage across the GIS CB terminals of phase A from the study 
cases V0 to V9. The worst study case is the one where no capacitances are used (V0). 
The voltage across the GIS CB terminals of phase B and C from the study cases V0 to 
V9 is very similar to Figure 4-33, so these results are not shown again. 
 
Figure 4-33: Simulation results from the study cases V0 to V9. The voltage across the 
GIS CB terminals of phase A is shown. Adopted from [32]. 
 
V0 
 
V1-V4 
 
V5 
 
V6-V9 
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Figure 4-34: Simulation results from the study case V0, V11 and V12. The voltage 
across the GIS CB terminals of phase A, B and C are shown as well as the withstand 
capabilities of the GIS CB based on IEC values of the Uc and RRRV for terminal fault 
(TF), short line fault (SLF) and Out-of-phase (OF). Adopted from [32]. 
Figure 4-34 shows the voltage across the GIS CB terminals of phases A, B and C for the 
study cases V0, V11 and V12; also the withstand capabilities of the GIS CB based on 
IEC values are shown. It can be seen that the highest voltage is reached in the study case 
V11 on phase C. The signals from phase B and C have been shifted in time in order to 
compare all phases and study cases in one plot  
 
Table 10-20 shows a summary of the maximum Uc and RRRV for the different study 
cases for the TRV in the GIS CB in WOW2. Here, three groups of results clearly can be 
identified, depending on their RRRV: 
 very fast RRRV (>1kV/µs) in study cases V0, V11 and V12, 
 fast RRRV (≈1kV/µs) in study cases V1, V2, V3 and V4, 
 slow RRRV (<1kV/µs) in study case V5, V6, V7, V8, V9 and V10.  
By comparing the results of Figure 4-33 and Figure 4-34 it can be seen that the RRRV 
is strongly dependent on the amount of capacitances connected in the external 132kV 
network side of the GIS CB. While the maximum voltage Uc depends mainly on the 
type of fault. 
 
It can be concluded from this section that switching operations during a fault in the ex-
port grid of large offshore wind farms, can be predicted with standard models. Based on 
the results, it was concluded that the highest RRRV appears on a system without addi-
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tional stray capacitances, and the highest Uc appears when the fault is a single phase to 
ground.  
4.5 Switching operations in the external grid 
In this section the measurements and simulation results from the following switching 
operations in the external grid are shown: 
 Capacitor bank in 4.5.1 for Gunfleet Sands Offshore Wind Farm, 
 Cable in 4.5.2 for Walney 1 Offshore Wind Farm, 
 
Figure 10-55 shows the simplified export system and external grid of Gunfleet Sands 
Offshore Wind Farm. Here it is possible to see the location of the frequency scan at the 
PCC. As well as Bramford substation and the meshed grid created. 
 
Figure 4-38 shows the collection grid of Walney 1 Offshore Wind Farm. Here it is pos-
sible to see the representation of the magnitude of the maximum transient overvoltage 
from the PSCAD model 12µF, based on the colour nomenclature. 
 
In these two sections, the prediction process (4.5.2) for transient voltages and currents, 
based on a previous validation process (4.5.1), is shown. These sections are entirely 
based on [30] and [31]. 
4.5.1 Capacitor bank connection 
This study presents the voltage signals occurring during a switching operation recorded 
in the external grid of Gunfleet Sands Offshore Wind Farm with an Elspec measurement 
system. The measurements are compared to EMT simulations for validation of the wind 
farm model using PSCAD. The simulation model then was modified to investigate the 
influence of a capacitor bank connection. This section is entirely based on [30]. 
 
Gunfleet Sands Offshore Wind Farm consists of two phases, Gunfleet Sands 1 (GFS1) 
with 30 turbines and Gunfleet Sands 2 (GFS2) with 18 turbines. The wind turbines are 
connected in ―rows‖ by means of 36kV submarine cables. Pairs of rows are then con-
nected to the platform by one ―root‖ cable. Two park transformers (120MVA, YNd1, 
132/33kV) are placed on an offshore wind farm substation in the centre of the wind 
farm. The radials of GFS1 are connected to one park transformer (TR1), and the radials 
of GFS2 are connected to the other park transformer (TR2). The grid connection of the 
park transformers is established via a single, three-phase HV submarine cable (subma-
rine cable) and a HV land cable (Land cable) to the grid connection point on land. The 
external grid, where GFS is connected, is owned by EDF Energy (EdF). The single line 
diagram of export system and external grid of Gunfleet Sands Offshore Wind Farm is 
shown in Figure 10-55. 
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The measured voltages by the Elspec measurement system at the MV side of the trans-
former TR1 (MMV1), MV side of the transformer TR2 (MMV2) and cable side of the 
CB_HV (MHV) have been used. See Figure 10-41 for more information about the 
measurement system and the measurement locations. 
 
The model of Gunfleet Sands was created in PSCAD to replicate measurements record-
ed by the Elspec measurement system. It was decided to simulate this period of time due 
to the high transient overvoltages caused by the switching in operation of a 60MVAr 
capacitor bank in the EdF 132kV grid where Gunfleet Sands is connected. 
The 60MVAr capacitor banks are located in the Bramford 132/400kV NGET Substa-
tion, on the public HV grid, but the exact state of the HV system, where GFS is con-
nected, is unknown; however, an approximate model of the export system to which 
Gunfleet Sands is connected has been created based on the available information. In 
order to find the dependence of the results to different models and system states, differ-
ent versions of the PSCAD model have been developed. All the different versions are 
shown in Table 10-21 including the main parameter variations.  
 
All the simulations in PSCAD were run over a period of 0.3s with a step time of 10µs, 
and the switching operation was performed at 0.201s. In that way it was ensured that the 
system was stable before the switching operation. In the figures presented below, the 
initial 0.13s were removed to simplify the comparison with the measurements. 
 
The detail on which the main components and subsystems in the collection grid, export 
system and external grid were simulated is shown in Table 10-22. 
 
First, the results from the PSCAD model versions V1, V2, V3, V4 and V5 at the MHV, 
MMV1 and MMV2 were compared, and it was found that the peak transient voltage in 
all simulated versions and locations is higher than the averaged measurements.  
It was also possible to separate the results in two groups depending on the oscillation 
and magnitude of the overvoltage. In one group are V1 and V2 while V3, V4 and V5 
are in a second group. From Table 10-21 it is possible to see that the main difference 
between these two groups is the amount of wind turbines connected in the wind farm 
collection grid. In the first group only 12 turbines are connected while 48 are connected 
in the second group. Some differences were found in all versions at MHV after 0.072s, 
so the influence of the capacitor banks was investigated next. 
 
Here the averaged, maximum and minimum measurements were compared to the simu-
lated phase A voltage from the PSCAD versions V5, V6, and V7 at the MHV. The re-
sults are showed that the peak transient voltage is very dependent on the number of ca-
pacitors of 60MVAr at 132kV previously connected to the switching operation, and it 
cannot be found only by comparing the raw results from the PSCAD simulations what 
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is the real state of the system. Hence a frequency scan and harmonic contents compari-
son at the PCC during the transient was realized. 
 
A frequency scan of the impedance at the PCC is shown for different operating condi-
tions (Figure 4-36). Here it can be seen that the series resonance frequency decreases 
with the amount of capacitor banks connected to the grid and affects the parallel reso-
nances. The parallel resonance for the system with no capacitor bank is 375Hz, for the 
system with one 60MVAr is 290 and 580Hz, for the system with 120MVAr is 250 and 
540Hz; and finally, for the system with 180MVAr is 210 and 520Hz. The system with 
180MVAr represents the final state from V7.  
 
The magnitude of the harmonic contents on the phase A voltage at the PCC from the 
Elspec measurements and PSCAD versions V6, V5 and V7 is shown in the Table 4-1. 
In this table it is possible to see that: 
 there are high harmonic contents around 400 and 700Hz when one capacitor 
bank is connected to the real system (Elspec);  
 there are high harmonic contents around 300 and 600Hz when one capacitor 
bank is connected, while 60MVAr are connected previously (V5); 
 there are high harmonic contents around 350 and 600Hz when one capacitor 
bank is connected, while no other capacitor is connected previously (V6);  
 there are high harmonic contents around 300 and 550Hz when one capacitor 
bank is connected, while 120MVAr are connected previously (V7). 
 the simulated resonant frequencies from the PSCAD model versions are slightly 
higher compared to the ones found in the frequency scan. 
 
On the other hand, if the harmonic contents from the PSCAD model versions are com-
pared to the harmonic contents from Elspec, a clear shift can be seen of the two resonant 
frequencies to a higher value (around 400 and 700Hz). 
 
Based on this comparison, in can be concluded that the PSCAD model version closest to 
the real export system in GFS is V6. However, none of the versions is an exact repre-
sentation of the external grid where GFS is connected; nonetheless, all the available 
information has been used, so no further simulations were performed. 
 
Finally, the harmonic contents in time domain of the phase A voltages at the PCC for 
V6 are shown in Figure 4-35. It can be seen in this figure that the discrepancies between 
the measurements and the simulations start before 0.072ms, just when the harmonic 
voltages start to appear in the system. The results from V6 were plotted because it was 
found that this model version shows the harmonic contents in best accordance to the 
Elspec measurements, taking into account a frequency shift to a lower level of the two 
main resonance frequencies. 
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Figure 4-35: Harmonic contents of phase A voltage at PCC from the first to the 15th 
harmonic from 0.7 to 0.8s of the PSCAD model version V6. Adopted from [30]. 
 
This study presents models to calculate transients in an offshore wind farm by means of 
EMT simulations. PSCAD was used to calculate overvoltages caused by a switching 
operation in the public grid to which GFS is connected. The results were compared to 
recordings made with an Elspec measurement system. 
Several simulations were performed to find out which available standard models in 
PSCAD are most suitable, and to what extent the components in the export and collec-
tion grid of the offshore wind farm should be included in the simulations. First, it was 
found that the amount of wind turbines included in the model makes a difference to the  
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Figure 4-36: Impedance sweep magnitude at the PCC from 0Hz to 1500Hz for the system with standard values of the 400kV super-grid and 
different amounts of capacitor banks connected at Bramford 132kV. The system with no capacitor banks (0MVAr), the system with one ca-
pacitor bank (60MVAr), the system with two capacitor banks (120MVAr) and the system with three capacitor banks (180MVAr). Adopted 
from [30]. 
Table 4-1: Maximum harmonic contents [kV] of phase a voltage from 0.07 to 0.12s. Adopted from [30]. 
Frequency [Hz] 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 Initial [MVAr] Final [MVAr] 
Elspec 110 0.5 0,5 0,2 0,7 1 4 3 4 5 1,2 5 2 7 4   
V5 110 1 1 1,5 3 5 5 4 3 3 5 7 1,5 1,2 1,2 60 120 
V6 110 1 1 1,5 2 4 6 5 4,5 4,5 5 6 5 1,2 1,2 0 60 
V7 110 1 1 1,5 4 5 3 2 2 3 5 4 1,5 1,2 1,2 120 180 
375Hz 
290 and 580Hz 
250 and 540Hz 
210 and 520Hz 
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results. It was also found that the cable models (PI or distributed) do not cause large 
deviations. It was found that for this kind of transients, the type of model of the wind 
turbines (voltage source or open circuit) does not have a considerable influence on the 
transient response at the PCC or MV terminals of the transformers. 
Then by means of a frequency scan and analysis of harmonic components of the voltag-
es at the PCC, it was found that the most likely capacitor bank switching operation in 
the public grid at GFS causing the most severe switching overvoltages was the connec-
tion of a 60MVAr capacitor bank, without any capacitor banks connected previously 
(V6). 
 
It can be concluded from this section that switching operations in the external grid of a 
wind farm can be reproduced with standard component models and a detailed export 
grid. 
4.5.2 Cable connection 
This study presents the results of several simulations to assess the highest possible line-
to-line overvoltage at the LV terminals of wind turbine converters after the switching 
operation of a cable or capacitor bank in the external grid of Walney 1, one of two phas-
es of Walney Offshore Wind Farm. These switching operations were simulated using 
PSCAD. A number of parameters were varied in order to determine the most critical 
transients. This section is entirely based on [31]. 
 
The export system of Walney 1 is shown in Figure 10-53, and the collection grid is 
shown in Figure 4-38. 
 
First of all, a simulation was performed to find the wind turbine that would experience 
the highest overvoltage within the collection grid; here a 12µF capacitor was connected. 
Then a comparison was made between the overvoltages caused by the connection of a 
capacitor bank, a cable simulated as PI equivalent and a cable simulated with distributed 
parameters. Afterwards, the PI cable length was varied seven times to find the effect of 
the length on the overvoltage. Subsequently, the switching time at which the cable is 
connected was varied eight times to find the worst possible switching instant. Finally, 
the apparent power generation from the wind turbines was increased to see the effect of 
the power generation on the line-to-line overvoltage. Only the first result from the 12µF 
capacitor connection and the last result from the 25S model are shown here, see [31] for 
more details. 
 
All the different versions created in PSCAD are shown in Table 10-23 together with the 
main parameter variations. 
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It was decided for the present study that only cables and capacitor banks´ connecting 
operations would be investigated. This is based on previous experience on switching 
operations in the external grid of offshore wind farms [30].  
 
The detail on which the main components and subsystems in the collection grid, export 
system and external grid were simulated is shown in Table 10-24. 
 
First, a 12µF capacitor is switched in at the Heysham substation. It was decided to try 
first by connecting a 12µF capacitor at 150ms; this would represent the total capacitance 
of a 50km 132kV cable with a capacitance per length of 0.24µF/km. The switching time 
was decided to be at the peak line-to-line voltage, seen from the LV side of the wind 
turbines. The results of the voltages at the LV side of several WTs are shown in Figure 
4-37. The small plot in Figure 4-37 shows a zoom of the highlighted zone where the 
highest voltage appears.  
  
Figure 4-37: Phase L3 to phase L1 voltage at the LV side of the WT at different wind 
turbines from 140ms to 160ms from the PSCAD model 12µF. In the small plot the same 
results are shown from 151.2ms to 151.6ms. Adopted from [31]. 
 
It is possible to see from Figure 4-37 that the switching in operation of a capacitor at the 
Heysham substation would cause a serious overvoltage at the LV side of the WT termi-
nals.  
In Figure 4-38 it is possible to see that the maximum overvoltage is slightly different 
from turbine to turbine; the maximum value appears at the EF06 turbine and the mini-
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mum value at the DC05. If the maximum voltages at each location are separated in 
groups depending on the value, then given colours where the highest value are red and 
the lowest green, and finally these colours are used in a diagram of Walney 1; it is pos-
sible to see that the wind turbines connected through the longest cable to the offshore 
substation experience the highest overvoltage. This is shown in Figure 4-38. 
 
  
Figure 4-38: Collection grid with colour nomenclature based on the maximum transient 
overvoltage from the PSCAD model 12µF. Adopted from [31]. 
 
As a final parameter to be varied, in this section the apparent power of the WTs has 
been increased from 0% to 100%, in order to see the effect of the current through the 
reactor and high-frequency filter between the wind turbine transformer and the wind 
turbine converter. Selected results are shown in Figure 4-39 for both wind turbines. 
 
Based on the construction of the WT, it has been decided that the maximum apparent 
power of the converter is one quarter of the maximum WT power, since there are sever-
al modules connected in parallel on each WT. Based on this assumption, the results 
from the WTs EF06 and DC05 are shown in Figure 4-39. The maximum value on DC05 
of 1.16kV appears during 25% generation during the second high frequency oscillation 
peak; while the maximum value on EF06 of 1.14kV appears during the first high fre-
quency oscillation peak. 
It is important to mention that there are no available standard models of wind turbines 
for EMT simulations, so the real behaviour of the wind turbine is unknown.  
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Figure 4-39: Phase L3 to phase L1 voltage at the WTs DC05 and EF06 converter termi-
nals from 152ms to 154ms for the PSCAD models with a 25km cable switching at 
152ms under different generation levels. Adopted from [31]. 
 
Based on the results from this section, it can be concluded that the worst line-to-line 
transient overvoltage could occur in the DC05 and EF06 turbines, when a 25km cable is 
connected at 152ms and when the wind turbines are producing 100% of maximum ap-
parent power. The magnitude of the worst transient would not reach 1.2kV. 
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5  
DISCUSSION 
The present Industrial Ph.D. thesis has covered several issues concerning the switching 
overvoltages in offshore wind power grids. Initially the electrical system and transients 
in offshore wind farms are described, as well as the work of others regarding detailed 
component modelling. Then it was described how the components and sub-system mod-
els were developed or used from an applied point of view. Afterwards, results from the 
frequency domain measurements on transformers and cables were presented. Finally, 
results from the time domain measurements and simulations were described. 
 
The limitations of measurements, models and simulation tools used; from an applied 
point of view are discussed in this Chapter, leaving the overall contribution of of the 
work, as well as the recommendations, concluding remarks and future work for Chapter 
6. 
5.1 Frequency domain measurements 
Frequency domain measurements can be performed in transformers, cables, reactors and 
high frequency filters; the main pasive components in offshore wind power grids. Only 
the measurements from transformers have been used so far for detailed model develop-
ment. Selected measurements have been used in simplified transformer, reactor and 
high frequency filter models. 
Based on the experience from measuring twelve transfromers, it is recommended to 
perform measurements in controlled enviroments like laboratories or warehoused; and 
not during maintenance, substation construction or in assembly lines. 
 
Based on the experience from measuring three different single and three phase cables, it 
is recommended to perform measurements in controlled enviroments like laboratories or 
warehoused; and not in installed cables during maintenance. However, if the cable is 
measured in a drum, the resonance frequencies will shift in comparison with the reso-
nances in laid conditions. 
5.2 Time domain measurements 
Multi-point and high-speed time domain measurements can be performed and used for 
model validation in wind turbines and collection grids. In a similar way, power quality 
measurements can be used for export system and external grid model validation at low 
frequency. However, due to the low sampling in the power quality equipment, the de-
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tailed models for high frequency of circuit breakers, transformers and cables cannot be 
validated. 
Extensive work was carried out to perform the measurements in Avedøre and Gunfleet 
Sands Offshore Wind Farms, and the experience and knowledge gain from this work is 
large, even if this is not reflected in this thesis. 
5.3 Detailed model development 
Only high frequency simplified and Black Box transformer models, detailed vacumm 
circuit breaker models, wind turbine models, wind farm substation models and external 
grid models were created in this work. On the other hand, no model development was 
done for cables, low frequency transformers or synchronous machines. The discussion 
for each model developed is shown below. 
5.3.1 High frequency transformers 
It has been shown that SFRA equipment like FRAX-101 and AIP can be used for mod-
elling of transformers, based in simplified and Black Box models. 
The Black Box models of 100kVA, 4MVA and 120MVA transformers were created 
from frequency domain measurements and validated against time domain measure-
ments.  
For Black Box models a corrective procedure is required and some problems still re-
main. For most of the measured transformers, problems like incorrect zero sequence 
components in ungrounded transformers, high impedance in the primary side at steady 
state, low induced voltage ratio at low frequency and incorrect induced voltage shift at 
steady state remain unsolved. 
Based in the corrected admittance matrix, some trends regarding the positive sequence 
voltage ratio resonances in wind farm and wind turbines were found, depending on their 
construction and tap position of the transformer. 
It has been shown that correlations exist between recommended SFRA measurements 
and the admittance matrix for high frequency Black Box transformer models. 
 
The simplified transformer model with equivalent capacitances has been created and 
validated for several transfromers and further used in different time domain studies.  
It has been shown that the measured equivalent capacitances based in recommended and 
additional SFRA measurements in wind farm and wind turbine transformers are within 
range of typical capacitances, according to literature. 
5.3.2 Vacuum circuit breakers 
A detailed VCB model has been created and used succesfully in several connection and 
disconnection time domain studies. Pre-strikes and re-strikes can be reproduced accu-
ratelly in most of the study cases, even if the dielectric withstand characteristic aproxi-
mation is linear, and no quenching capabilities were used.  
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5.3.3 Wind turbines 
Detailed Type A and D wind turbine models were created for EMT simulations, but 
only the results from the Type A wind turbine match correctly the measurements. Many 
simplifications and assumptions were done during the development of the Type D wind 
turbine model, due to insufficient information.  
5.3.4 Wind farm substations 
It has been shown in this research that detailed wind farm substation models are needed 
for some time domain studies. However, multi-point and high-speed time domain meas-
urements would be needed for validation and no commercial equipment is available in 
the market to do this at 132kV in conditions like in offshore wind farm substations. 
5.3.5 External grids 
It has been shown in this work that detailed external grid models are needed for some 
time domain studies, and such models can be created. However the information regard-
ing the external grid is very limited during the design stage of a wind farm. 
5.4 Time domain simulation tools 
Several studies were performed in different simulation tools during the project, in coop-
eration with other researchers. The results from specialized EMT programs are similar 
and closer to the available measurements than the general simulation tools. 
 
It was shown in most of the time domain studies were simulations were performed, that 
a sensitivity analysis is a very powerfull method to estimate if the results are right, and 
how the results are affected by different conditions and information from the system 
being analized. 
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6 
CONCLUSION 
The following Chapter is intended to sum up the contributions from the models, meth-
ods, frequency and time domain studies, recommendations, concluding remarks and 
future work to perform switching transient simulations for offshore wind farms. 
 
6.1 Contribution 
General models and methods to study switching transient overvoltages in offshore wind 
farms have been shown in this work. These models and methods are valid for all off-
shore wind farms, or other systems to be analysed. As long as the required frequency 
domain measurements are performed in the appropriate components, the information 
used is correct and the system is created in a suitable simulation tool. 
 
The general method used to validate and create detailed models was proven to be very 
powerful and efficient. This method is also valid for all offshore wind farms, or other 
systems to be analysed. Once this method has been completed, the predictive simula-
tions can be performed with certainty. 
 
The specific method to adapt FRA measurements for transformer wide band modelling 
proposed in [54] was used successfully in 100kVA, 4MVA and 120MVA transformers. 
 
Based in the positive sequence voltage ratio comparison from different wind farm trans-
former, it was concluded that the first resonance frequency from low to high voltage 
side is around 10kHz. This frequency match the low-frequency-end of the frequency 
range for natural frequencies on large transformer windings according to [52]. 
 
On the other hand, after the positive sequence voltage ratio comparison from different 
wind turbine transformer, it was concluded that the first resonance frequency in some 
transformers, from low to high voltage side are within range of the frequency range for 
natural frequencies on medium transformer windings according to [52]. 
 
It was found that some of the resonance frequencies from the offline diagnostics of 
transformers based on SFRA measurements, match the positive sequence voltage ratio 
resonance frequencies from low to high voltage side.  
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From the frequency variation of equivalent inductance and resistance ratio, it was found 
that the L/R ratio, R/Rdatasheet ratio and L/Ldatasheet ratio can be calculated from the rec-
ommended SFRA measurements and the corrected admittance matrix. 
In general, the L/R ratio decreases as the frequency increase in all transformers. But the 
initial magnitude and rate of decrease in frequency from the L/R ratio depends on the 
transformer rating and technology. 
In the analysed transformers, the R/Rdatasheet ratio increases as the frequency increase, 
but the wind farm transformer´s ratio increase more rapidly than the wind turbine trans-
formers. 
In the analyzed transformers, the L/Ldatasheet ratio decrease slightly as the frequency in-
crease, but the error in the wind turbine transformer´s ratio is much higher than in the 
wind farm transformers. 
 
From the time domain validations in wind turbines and collection grid, it was shown 
that all the measurements could be reproduced with some degree of error using: 
 standard and detailed transformer models,  
 PI sections and frequency dependant (phase) models,  
 simplified and detailed VCB models,  
 simplified and detailed wind turbine models, 
 simplified wind farm substation models and  
 simplified external grid models. 
 
From the time domain validations in the export system and external grid, it was shown 
that all the measurements could be reproduced with dome degree of error using: 
 standard and detailed transformer models,  
 PI sections and frequency dependant (phase) models,  
 simplified circuit breakers models,  
 simplified wind turbine models, 
 simplified and detailed wind farm substation models and  
 simplified and detailed external grid models. 
 
In the time domain predictive studies for the collection grid, export system and external 
grid, standard or simplified models were used except the detailed synchronous machine 
model and frequency dependant (phase) cable models. 
 
6.2 Recommendations 
It has been shown in this research that simplified models and standard information from 
most of the components are not sufficient to perform detailed studies in offshore wind 
farms, and for the future it is recommended that component manufacturers are asked to 
provide validated models and detailed information up front to facilitate more accurate 
modelling before the wind farms are built. 
 Conclusion 
 
186 
6.3 Concluding remarks 
In this work it has been shown that succesfull cooperation with different component 
manufacturers, different researchers and different teams working with the developemnt 
of offshore wind farms can produce important results otherwise not possible. 
 
Important improvements were done in this work regarding high frequency transformer, 
detailed vacumm circuit breaker, wind turbine, wind farm substation and external grid 
models. 
 
It is important to mention that the scope of work for this project, was very extensive and 
many aspects had to be taken into account regarding frequency and time domain meas-
urements as well as frequency and time domain studies.  
 
6.4 Future work 
During the project, only the prediction of faults in the export system of Walney 2 was 
done. However, several fault measurements are available from different offshore wind 
farms at DONG Energy. Further work should be done validating the wind farm models 
and wind turbine models to acuratelly reproduce the measured faults. 
 
Regarding models the following work could be done: 
 Solve the limitations mentioned in section 5.3.1 in the high frequency trans-
former model. 
 Ask a wind farm or wind turbine transformer manufacturer for a Gray Box mod-
el, develop a Black Box model and compare the results from both models with 
time domain measurements. 
 Work togeather with wind turbine and wind farm transformer manufacturers to 
find the correct frequency variation of equivalent inductance and resistance be-
low 10kHz. These variations could be used in harmonic emission and stability 
studies during the development of offshore wind farms. 
 Create detailed cable model based on the frequency domain measurements per-
formed in the single and three phase cables. 
 A comparison between detailed VCB model with different dielectric withstand 
characteristic approximation. 
 Additional work could be done togeather with wind turbine manufacturers to 
validate EMT models. 
 Detailed wind farm substations could be build in cooperation with component 
manufacturers. 
 Detailed external grid models to be created togeather with the external grid own-
er/operator during the design stage of the wind farms. 
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A   
APPENDIX: MATLAB CODE USED FOR POLE 
RESIDUE FITTING, PASSIVITY ENFORCEMENT 
AND NETWORK GENERATOR 
clear all; close all; clc 
% Read  
    %100kVA 
        cd ('C:\IVAAR\SpareWTT\corr100kVA') 
        path = 'C:\IVAAR\SpareWTT\corr100kVA\'; 
        load 100kVA_long_noAIP_all_Ycorr_BNCcorr.mat 
%% VF 
cd ('C:\IVAAR\matrix_fitting_toolbox_1') 
Ycorr=Ycorr(1:6,1:6,1:931); 
f=f(1:931,1); 
Ns=length(Ycorr(1,1,:));    %Number of frequency samples 
Nc=7;      %Size of Y (after reduction) 
s=2*pi*i*f; 
Ns=length(s); 
%================================================ 
%=           POLE-RESIDUE FITTING               = 
%================================================  
opts.N=100;              %Order of approximation. (Is used when 
opts.poles=[]).   
opts.poletype='lincmplx';   %Will use logarithmically spaced, complex 
poles. (Is used when opts.poles=[]). 
opts.Niter1=10; 
opts.Niter2=10; 
opts.weight=[]; 
opts.weightparam=2; 
opts.asymp=2; 
opts.stable=1; 
opts.relaxed=1; 
opts.plot=1; 
opts.logx=1; 
opts.logy=1; 
opts.errplot=1; 
opts.phaseplot=0; 
opts.screen=1; 
opts.cmplx_ss=1; 
  
poles=[]; %[] -->N initial poles are automatically generated as de-
fined by opts.startpoleflag  
[SER,rmserr,bigYfit,opts2]=VFdriver(Ycorr(:,:,:),s,poles,opts); %Cre-
ating state-space model and pole-residue model  
grid on 
ylabel('Admittance [S]') 
title('Aproximation of corrected admittance from FRAX.') 
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%================================================ 
%=           Passivity Enforcement              = 
%================================================  
opts.Niter_in=2; 
opts.parametertype='Y'; 
opts.plot.s_pass=s(:).';  
opts.plot.ylim=[-2e-3 2e-3]; 
opts.outputlevel=1; 
[SER2,bigYfit_passive,opts2]=RPdriver(SER,s,opts); 
%================================================ 
%=           Generating external model          = 
%================================================  
NOD='A';  
fname ='RLC_100kVA_100_RP_PSCAD.txt'; 
netgen_PSCAD(SER2,fname);  %Creating branch-cards for PSCAD  
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B   
APPENDIX: TABLES FROM TIME DOMAIN 
MEASUREMENTS AND SIMULATIONS OF 
SWITCHING OPERATIONS IN THE WIND FARM 
GRID 
Table 10-1: Models used in the Base Case and Study Case 1 for the simulations of a 
switch out operation of a wind turbine MV VCB 
Component Description of model used 
Converter open end circuit since no information about the control of the converter was 
available 
Reactor inductance in series with a resistance based on datasheet information 
Filter a group of resistances, capacitances and inductances in parallel based on 
datasheet information 
CB_LV ideal circuit breaker 
Transformer standard transformer model in PSCAD with datasheet information from the 
manufacturer and equivalent capacitances from primary winding to ground, 
secondary winding to ground, and primary to secondary winding calculated 
from the recommended SFRA inter winding test (OCIW), additional tests on 
the HV (SelfHV) and additional tests on the LV (SelfLV) from the Burbo Bank 
wind turbine transformer, since all the frequency domain measurements 
performed on the Avedøre wind turbine transformer were lost due to IT 
problems and no equivalent capacitances were available from the manufac-
turer. See section 2.3.3.4 on page 77 for more information about this model 
CB_MV detailed model of VCB. See section 2.5 on page 82 for more information 
about this model 
Land cable the Frequency Dependent (phase) model in PSCAD based on the geomet-
rical information from the cable manufacturer was used. See section 2.4.1 
on page 80 for more information about this model 
CB_PCC ideal circuit breaker 
PCC voltage source with resistance and inductance based on the available infor-
mation from the external grid 
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Table 10-2: A, B, C and D parameters used in the Base Case and Study Case 1 for the 
simulations of a switch out operation of a wind turbine MV VCB. 
 A [V/µs] B [kV] C [A/s
2
] D [A/µs] Equivalent 
capacitances 
Base Case 100, 6 and 
100 
0 1x10
12
 190 Burbo Bank 
wind turbine 
transformer 
Study Case 1 100, 6 and 
100 
0 1x10
12
 190 4 times more 
Burbo Bank 
wind turbine 
transformer 
Table 10-3: Models used in the Base Case and Study Cases for the simulations of a 
switch in operation of a wind turbine MV VCB 
Component Description of model used 
CB_LV ideal circuit breaker 
Transformer standard transformer model in PSCAD with datasheet information from 
the manufacturer and equivalent capacitances from primary winding to 
ground, secondary winding to ground and primary to secondary winding 
calculated from the recommended SFRA inter winding test (OCIW), addi-
tional tests on the HV (SelfHV) and additional tests on the LV (SelfLV) from 
the Burbo Bank wind turbine transformer, since all the frequency domain 
measurements performed in the Avedøre wind turbine transformer were 
lost due to IT problems and no equivalent capacitances were available 
from the manufacturer. See section 2.3.3.4 on page 77 for more infor-
mation on this model. The saturation characteristic of the transformer core 
is based on the validated saturation information of a similar-construction 
transformer from Burbo Bank [19] 
CB_MV detailed model of VCB. See section 2.5 on page 82 for more information 
on this model 
Land cable the Frequency Dependent (phase) model in PSCAD based on the geo-
metrical information from the cable manufacturer was used. See section 
2.4.1 on page 80 for more information on this model 
CB_PCC ideal circuit breaker 
PCC voltage source with resistance and inductance based on the available 
information about the external grid 
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Table 10-4: A, B, C, D, topen and other parameters used in the Base Case and Study Cas-
es for the simulations of a switch in operation of a wind turbine MV VCB. 
 A [V/µs] B [kV] C [A/s
2
] D [A/µs] topen Equivalent 
capacitances 
Base Case 21, 100 
and 20 
0 1x10
12
 190 T3 Burbo Bank 
wind turbine 
transformer 
Study Case 1 26, 3 and 
15 
0 1x10
12
 190 T3, T2 
and T3 
Burbo Bank 
wind turbine 
transformer 
Study Case 2 26, 3 and 
15 
0 1x10
12
 190 T3, T2 
and T3 
4 times more 
Burbo Bank 
wind turbine 
transformer 
Study Case 3 26, 3 and 
15 
0 1x10
12
 190 T3, T2 
and T3 
4 times less 
Burbo Bank 
wind turbine 
transformer 
Table 10-5: Models used in EMTP-RV and PSCAD for the simulations of a switch in 
operation of radial in Nysted. 
Component Description of model used 
Wind turbine 
transformer 
standard transformer model in PSCAD with datasheet information from the 
manufacturer including equivalent capacitances between primary winding 
to ground, secondary winding to ground and primary to secondary winding. 
See section 2.3.3.4 on page 77 for more information on this model 
Wind turbine MV 
SD 
closed ideal circuit breaker 
Radial MV CB detailed model of VCB. See section 2.5 on page 82 for more information on 
this model 
MV collection 
grid cable 
the Frequency Dependent (phase) model in PSCAD based on the geomet-
rical information from the cable manufacturer was used. See section 2.4.1 
on page 80 for more information on this model 
Wind farm trans-
former 
standard transformer model in PSCAD with datasheet information from the 
manufacturer 
Submarine and 
land export ca-
bles 
standard PI section models in PSCAD with datasheet information from the 
manufacturer 
PCC voltage source with resistance and inductance based on the available in-
formation from the external grid 
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Table 10-6: A, B, C, D and other parameters used in EMTP-RV and PSCAD detailed 
VCB models for the simulations of a radial with measurement equipment connection 
operation. 
A [V/µs] B [kV] C [A/s
2
] D [A/µs] Equivalent ca-
pacitances 
33, 52 and 40 0.69 1x10
12
 190 Datasheet in-
formation 
Table 10-7: Models used in PSCAD for the simulations of a switch in operation of radi-
al in Burbo Bank 
Component Description of model used 
Wind turbine 
transformer 
standard and Black Box transformer model in PSCAD, The standard model 
was defined with datasheet information from the manufacturer and measured 
equivalent capacitances between primary winding to ground, secondary 
winding to ground and primary to secondary winding. See section 2.3.3.4 on 
page 77 for more information on this model. The Black Box transformer 
model is based on corrected FRA measurements for transformer wide band 
modelling as proposed in [54] and applied in [35]. See section 2.3.3.2 on 
page 46 for more information on this model 
Wind turbine MV 
CB 
closed ideal circuit breaker 
Radial MV CB detailed model of VCB. See section 2.5 on page 82 for more information on 
this model 
MV collection 
grid cable 
the Frequency Dependent (phase) model in PSCAD based on the geomet-
rical information from the cable manufacturer was used. See section 2.4.1 on 
page 80 for more information on this model 
Wind farm trans-
former 
standard transformer model in PSCAD with datasheet information from the 
manufacturer 
PCC voltage source with resistance and inductance based on the available infor-
mation about the external grid 
Capacitor bank three phase capacitor model in PSCAD based on the reactive power and 
rated voltage 
Earthing trans-
former and aux-
iliary load 
standard delta-wye transformer model with information from the datasheet 
and standard three phase load based on the active and reactive power and 
rated voltage 
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Table 10-8: A, B, C, D and other parameters used in PSCAD for the simulations of a 
switch in operation of radial in Burbo Bank. 
 A [V/µs] B [kV] C [A/s
2
] D [A/µs] Tansformer 
Standard 30, 50 and 60 0.69 1x10
12
 190 Measured 
equivalent 
capacitances 
FDTE 30, 50 and 60 0.69 1x10
12
 190 Black Box 
Table 10-9: Models used in PSCAD for the simulations of a wind turbine transformer 
connection in a radial with measurement in Burbo Bank. 
Component Description of model used 
Wind turbine 
transformer 
standard and Black Box transformer model in PSCAD, The standard model 
was defined with datasheet information from the manufacturer and meas-
ured equivalent capacitances between primary winding to ground, second-
ary winding to ground and primary to secondary winding. See section 
2.3.3.4 on page 77 for more information on this model. The Black Box 
transformer model is based on corrected FRA measurements for trans-
former wide band modelling as proposed in [54] and applied in [35]. See 
section 2.3.3.2 on page 46 for more information on this model 
Wind turbine MV 
CB 38 
detailed model of VCB. See section 2.5 on page 82 for more information on 
this model 
Radial MV CB closed ideal circuit breaker 
MV collection 
grid cable 
the Frequency Dependent (phase) model in PSCAD based on the geomet-
rical information from the cable manufacturer was used. See section 2.4.1 
on page 80 for more information on this model 
Wind farm trans-
former 
standard transformer model in PSCAD with datasheet information from the 
manufacturer 
PCC voltage source with resistance and inductance based on the available in-
formation from the external grid 
Capacitor bank three phase capacitor model in PSCAD based on the reactive power and 
rated voltage 
Earthing trans-
former and aux-
iliary load 
standard delta-wye transformer model with information from the datasheet 
and standard three phase load based on the active and reactive power and 
rated voltage 
Table 10-10: A, B, C, D and other parameters used in the Base Case and Study Cases 
for the simulations of a wind turbine transformer connection in a radial with measure-
ment in Burbo Bank. 
 A [V/µs] B C D [A/µs] VCB capac- MV Transformer 
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[kV] [A/s
2
] itance cable 
Base Case 20, 30 and 11 0 1x10
12
 190   Standard 
Study Case 1 20, 30 and 11 0 1x10
12
 190 12pF 7m Standard 
Study Case 2 20, 30 and 11 0 1x10
12
 190 24pF 7m Standard 
Study Case 3 20, 30 and 11 0 1x10
12
 190 24pF 14m Standard 
Study Case 4 20, 30 and 11 0 1x10
12
 190   FDTE 
Study Case 5 20, 30 and 11 0 1x10
12
 190  14m FDTE 
Study Case 6 FDTE transformer with controlled voltage sources in the MV side 
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Table 10-11: Models used in PSCAD for the simulations of a wind turbine transformer 
disconnection in a radial with measurement in Burbo Bank 
Component Description of model used 
Wind turbine 
transformer 
standard transformer model in PSCAD, The standard model was defined 
with datasheet information from the manufacturer and measured equivalent 
capacitances between primary winding to ground, secondary winding to 
ground and primary to secondary winding. See section 2.3.3.4 on page 77 
for more information on this model 
Wind turbine MV 
CB 38 
detailed model of VCB. See section 2.5 on page 82 for more information on 
this model 
Radial MV CB closed ideal circuit breaker 
MV collection 
grid cable 
the Frequency Dependent (phase) model in PSCAD based on the geomet-
rical information from the cable manufacturer was used. See section 2.4.1 
on page 80 for more information on this model 
Wind farm trans-
former 
standard transformer model in PSCAD with datasheet information from the 
manufacturer 
PCC voltage source with resistance and inductance based on the available in-
formation from the external grid 
Capacitor bank three phase capacitor model in PSCAD based on the reactive power and 
rated voltage 
Earthing trans-
former and aux-
iliary load 
standard delta-wye transformer model with information from the datasheet 
and standard three phase load based on the active and reactive power and 
rated voltage 
Table 10-12: A, B, C, D and other parameters used in the Base Case and Study Cases 
for the simulations of a wind turbine transformer connection in a radial with measure-
ment. 
 A [V/µs] B [kV] C [A/s
2
] D [A/µs] VCB capaci-
tance 
MV 
cable 
Transformer 
capacitances 
Base 
Case 
20, 20 
and 20 
0 1x10
12
 190   From FRA 
measurements 
Study 
Case 1 
22, 22 
and 22 
0 1x10
12
 190   From FRA 
measurements 
Study 
Case 2 
18, 18 
and 18 
0 1x10
12
 190   From FRA 
measurements 
Study 
Case 3 
15, 15 
and 15 
0 1x10
12
 190   From FRA 
measurements 
Study 20, 20 0 1x10
12
 190 12pF 7m From FRA 
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Case 4 and 20 measurements 
Study 
Case 5 
20, 20 
and 20 
0 1x10
12
 190 24pF 7m From FRA 
measurements 
Study 
Case 6 
20, 20 
and 20 
0 1x10
12
 190 24pF 14m From FRA 
measurements 
Study 
Case 7 
20, 20 
and 20 
0 1x10
12
 190   FRA meas-
urements di-
vided by 4 
Study 
Case 8 
20, 20 
and 20 
0 1x10
12
 190   FRA meas-
urements mul-
tiplied by 4 
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Table 10-13: Models used in PSCAD for the simulations of a capacitor bank disconnec-
tion in Burbo Bank 
Component Description of model used 
Wind turbine 
transformer 
standard transformer model in PSCAD, The standard model was defined 
with datasheet information from the manufacturer and measured equiva-
lent capacitances between primary winding to ground, secondary winding 
to ground and primary to secondary winding. See section 2.3.3.4 on page 
77 for more information on this model 
Wind turbine MV 
CB 
closed ideal circuit breaker 
Radial MV CB closed ideal circuit breaker 
MV collection 
grid cable 
the Frequency Dependent (phase) model in PSCAD based on the geo-
metrical information from the cable manufacturer was used. See section 
2.4.1 on page 80 for more information on this model 
Wind farm trans-
former 
standard transformer model in PSCAD with datasheet information from 
the manufacturer 
PCC voltage source with resistance and inductance based on the available 
information from the external grid 
Capacitor bank three phase capacitor model in PSCAD based on the reactive power and 
rated voltage. 
Capacitor bank 
MV CB 
(CB_MV1) 
ideal circuit breaker initially opened and then switches in 
Earthing trans-
former and aux-
iliary load 
standard delta-wye transformer model with information from the datasheet 
and standard three phase load based on the active and reactive power 
and rated voltage 
Table 10-14: Main variations in three simulations performed for the switching operation 
of switch in CB1_HV of Gunfleet Sands offshore wind farm.  
Name Step size Additional PI sections CB1_HV and 
CB2_HV 
capacitances 
Transformer model 
5u-simple 5µs No No Standard 
5u-detail 5µs Yes Yes Standard 
1u-detail 1µs yes Yes Standard 
1u-FDTE 1µs No No FDTE 
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Table 10-15: Models used in the Best switching and Worst switching for the simulations 
of wind farm export system connection. 
Component Description of model used 
Cable Cable models for the land and submarine cable were created based on the 
available information from the manufacturer and IEEE guidelines [13]. In 
PSCAD the cable model used was the Frequency Dependent (phase) model. 
Circuit breakers The substation breaker (BRK), filter breaker (BRK_f) and reactor breaker 
(BRK_r) were modelled as ideal breakers 
External grid The HV grid as seen from the connection point was modelled as a voltage 
source with two PI sections connected to the HV cable to the wind farm with 
an on shore substation breaker (BRK). 
Filter The filter, located in the onshore station as well, was modelled as a third 
order damped filter based on the manufacturer’s information 
Table 10-16: Switching time for each phase of the three circuit breakers. 
 BRK BRK_r BRK_f 
Phase L1 L2 L3 L1 L2 L3 L1 L2 L3 
Time 
[s] 
0.0600  0.0666  0.0633  0.0950 0.1016  0.0983  0.1200  0.1266  0.1233  
Table 10-17: Models used in all simulations of wind farm export system disconnection 
after a fault. 
Component Description of model used 
Stanah 132kV 
substation 
For all simulations in this study, the Stanah 132kV substation at the PCC is 
represented as a simple Thevenin equivalent network with values based on 
the maximum short circuit power at the 132kV busbar and the available infor-
mation about the X/R ratio, as recommended in the IEEE guidelines [86]. 
Onshore 132kV 
substation 
The switchgear in the onshore substation of Walney 2 has a rated voltage of 
132kV, with SF6 insulation with a rated voltage of145kV and Lightning impulse 
withstand voltage of 650kV and with three-phase encapsulation. The standard 
values of TRV with rated voltages of 100kV to 170kV for effectively earthed 
systems, according to the IEC 62271-100:2008[87], are shown in Table 1. The 
guarantied Uc and RRRV from the type test results are slightly higher than the 
standard values from the IEC; hence the guaranteed values were used for 
comparison. 
Reactor and 
harmonic filter in 
onshore substa-
tion 
The onshore reactor has been modelled as a simple 80MVAr reactor in paral-
lel with a capacitance in parallel to account for the first resonance frequency 
obtained from the frequency response analysis (FRA) performed by the manu-
facturer on a similar reactor. Similar reactor equivalents have been used be-
fore [88]. The C-type filter has been modelled with four lumped elements. 
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Simplified 
132kV GIS CB 
In the model three elements connected at the terminals of the main 132kV GIS 
CB were included to account for the capacitances connected to the GIS bus-
bar at the PCC in the onshore substation, C1 and C2 respectively; as well as a 
combination of three elements in series, RLC, across the terminals of the GIS 
CB. The values of C1 and C2 were based on the recommended values for a 
three-in-one bus capacitance per meter for systems with a rated voltage of 245 
kV and below [85]. The RLC values used across the GIS terminals are similar 
to the ones used in [7], since no additional information was available at the 
time of the study. 
Submarine ca-
bles 
Some other cables , not part of the Walney 2 wind farm system, such as ex-
port circuit cable and collection grid cables of other wind farms also already 
connected or planned to be connected at the PCC have been included in the 
Walney 2 model. All 132kV cables were modelled as frequency dependent 
(phase) models based on the geometrical information provided by the manu-
facturer and IEEE guidelines [13]. The length of the export submarine cable is 
45.1km and the export land cable is 2.63km. The other cables connected to 
the PCC of Walney 2 are modelled based on the export submarine cable of 
Walney 2; one of these cables has a length of 25km and another 30km. The 
25km cable is compensated by a 30MVAr reactor and the 30km cable by a 
40MVAr reactor. The 33kV collection grid cables are modelled as PI sections 
of 150mm2, each with a total length of 4.25km in order to account for five indi-
vidual 0.85km cables. 
Wind farm trans-
formers 
The two identical transformers on the offshore platform for the export circuit 
are insulated with mineral oil. The transformers are modelled in PSCAD as a 
standard T-equivalent circuit model of a two-winding transformer based on 
information from the manufacturer and IEEE guidelines [9]. Neither the tap 
changer nor the saturation characteristic of the transformer core was included 
in the model. In order to account for the capacitive coupling between windings 
and between each winding and ground, lumped capacitances were included; 
these values were obtained from FRA measurements made on the transform-
ers [34] after the type test in the factory and again during the construction of 
the offshore platform. 
Wind turbine The wind turbines were modelled as a voltage source with inductive source 
impedance as in previous studies [30]. Since there are many wind turbines 
connected in the collection grid of Walney 2, only six aggregated wind turbine 
models are used. This is deemed to be sufficient, given that the GIS CB con-
necting the export circuit to the PCC and simulated short circuits are at 132kV 
in the onshore substation and not at 33kV. 
Faults A three phase ungrounded symmetrical fault close to the terminals of a circuit 
breaker will give rise to the most severe TRV across the first pole to open [85]. 
Similar conclusions for a 132kV circuit breaker used in onshore wind farms 
have been made in [89]. Thus, this type of fault was examined first. The un-
grounded three-phase fault (ABC), the two phases (B-C) and the single-phase-
to-ground fault (A-G) were modelled using the standard fault models in 
PSCAD without any fault impedance. All the faults were simulated to occur at 
the 132kV onshore substation busbar. 
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Table 10-18: Standard values from the IEC 62271-100:2008 used to compare the results 
from PSCAD 
Test Uc [kV] RRRV [kV/μs] 
Terminal fault  215 2 
Short line fault 166 2 
Out-of-phase 295 1,54 
 Symbols 
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Table 10-19: Information about system condition and parameter setting for each study case from V0 to V12, from the simulations of wind 
farm export system disconnection after a fault. 
  Stray ca-
pacitances 
Reactor Reactor´s 
capaci-
tance 
Filter Wind farm 
production 
[MW/MVAr
] 
25km ca-
ble 
30MVAr 
reactor 
30km ca-
ble 
40MVAr 
reactor 
OHL 
132kV 
Fault type 
V0 None Open Open Open 0/0 Open Open Open Open Included ABC 
V1 C1 and 
RLC 
Closed Open Open 0/0 Open Open Open Open Included ABC 
V2 C1 and 
RLC 
Closed Closed Open 0/0 Open Open Open Open Included ABC 
V3 C1 and 
RLC 
Closed Closed Closed 0/0 Open Open Open Open Included ABC 
V4 C1, C2 and 
RLC 
Closed Closed Closed 0/0 Open Open Open Open Included ABC 
V5 C1, C2 and 
RLC 
Closed Closed Closed 0/0 Closed Open Closed Open Included ABC 
V6 C1, C2 and 
RLC 
Closed Closed Closed 0/0 Closed Closed Closed Closed Included ABC 
V7 C1, C2 and 
RLC 
Closed Closed Closed 180/0 Closed Closed Closed Closed Included ABC 
V8 C1, C2 and 
RLC 
Closed Closed Closed 180/135 Closed Closed Closed Closed Included ABC 
V9 C1, C2 and 
RLC 
Closed Closed Closed 180/-135 Closed Closed Closed Closed Included ABC 
V10 None Open Open Open 0/0 Open Open Open Open Not includ-
ed 
ABC 
V11 None Open Open Open 0/0 Open Open Open Open Included A-G 
V12 None Open Open Open 0/0 Open Open Open Open Included B-C 
 Symbols 
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Table 10-20: PSCAD study case results from the simulations of wind farm export sys-
tem disconnection after a fault. 
Study case Maximum Uc across the GIS CB 
in kV from all phases. 
Maximum RRRV across the GIS 
CB in kV/µs from all phases 
V0 137 1.53  
V1 137 1.005 
V2 137 1.005 
V3 137 1.005 
V4 137 1.005 
V5 122 0.125 
V6 118 0.123 
V7 118 0.123 
V8 118 0.123 
V9 118 0.123 
V10 104 0.034 
V11 150 1.512 
V12 140 1.526 
Table 10-21: System state and component model for each PSCAD version of capacitor 
bank connection in external grid. 
Versions  V1 V2 V3 V4 V5 V6 V7 
EHV 
state 
Normal Normal  Normal  Strong Strong Strong Strong 
Initial C 
at 132kV 
60MVAr 60MVAr 60MVAr 60MVAr 60MVAr 0MVAr 120MVAr 
MV ca-
bles 
model 
Distributed PI PI PI PI PI PI 
Number 
of WTs 
12 12 48 48 48 48 48 
Land and 
sea ca-
ble mod-
el 
Distributed  Distributed  Distributed  PI PI PI PI 
WT 
model 
Voltage 
source 
Voltage 
source 
Voltage 
source 
Voltage 
source 
Open Open Open 
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Table 10-22: Models used in all simulations of capacitor bank connection in external 
grid. 
Component Description of model used 
HV external grid 
or Meshed grid 
The information about the HV external grid, where GFS is connected, is 
based on the forecast load 2009-2010 from an EdF report [90]. The grid 
model includes 23 interconnections, four load centres and a super-grid of 
400kV. The main problem with the construction of the external grid model is 
that the state of it, at the exact moment of the incident, is almost impossible 
to accurately establish. The influence of this unknown factor is investigated 
by sensitivity analyses of the results to changes in load, load location, and 
extension of the HV and MV network in the public grid. The HV and MV loads 
on the public grid model are located at Ipswich 132, Lawford 132, Clacton 33 
and Cliff Quarry 33. 
Bramford 132kV 
busbar 
As mentioned before, the actual state of the public HV grid can only be 
guessed, so the amount of capacitor banks connected at the Bramford 
132kV busbar had to be investigated. Since the amount of capacitor bank 
connected prior to the switching operation is unknown, sensitivity analyses to 
this unknown factor were done by including the three possible configurations: 
in V5 one 60MVAr capacitor was connected, in V6 no capacitor was con-
nected and finally in V7 two 60MVAr capacitors were connected. 
HV export sys-
tem 
Included in the models was the connection of the park transformer via a sin-
gle three-phase HV submarine cable (132kV/9.167km) and a land cable 
(132kV/3.622km) to the PCC on land. In some of the PSCAD models the 
cables were modelled as PI or as distributed cables. The distributed cables 
were created based on the available information from the manufacturer and 
IEEE guidelines [13]. In PSCAD the cable model used was the Frequency 
Dependent (phase) model. 
MV collection 
grid 
The MV submarine cables connecting the WTs in the GFS1 rows are 550m 
long, while in GFS2 the rows are 950m long. Furthermore, the turbines con-
nected at GFS1 and GFS2, both park transformers, as well as the row and 
root cables were included in the PSCAD model depending on the objective of 
the simulation. The MV collection grid was simplified to different degrees 
depending on the version, but the main parameters like cable size and length 
were always kept. For example, for V1 the root and row cables were mod-
elled as frequency dependent distributed models, but the row cables be-
tween the first and last turbine of the radial were simplified to one long cable 
instead of several short cables. On the other hand, for V2 the root and row 
cables were modelled as nominal PI sections but the row cables between the 
first and last turbine of the radial were simplified to one long cable instead of 
several short cables. In V3, V4, V5, V6, and V7 every root and row cables 
were modelled as nominal PI sections. 
Wind turbine 
and wind farm 
transformers 
Both wind farm transformers (TR1 and TR2), as well as the wind turbine 
transformers were included, based on the available information from the 
manufacturer and IEEE guidelines [9], by means of the standard transformer 
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model in PSCAD. The capacitances between primary winding to ground, 
secondary winding to ground and primary to secondary windings were in-
cluded as well as the saturation characteristic in the magnetic core. 
Wind turbines The wind turbine transformer (4 MVA, 33/0.69 kV) is connected to the radial 
via an MV Vacuum Circuit Breaker. On the LV side, between the transformer 
and the converter, a high-frequency filter and a reactor were included. The 
wind turbine converter was modelled in some simulations as an ideal voltage 
source, and in others as an open circuit 
Others  The super-grid of 400kV, capacitor bank at Bramford, high-frequency filters, 
reactors and circuit breakers were modelled based on the IEEE guidelines 
[86]  
 
 
Table 10-23: Information about the system for each PSCAD models in all simulations 
of cable connection in external grid. 
Aim Model Switching component Cable length Switch-
ing time 
Apparent power 
generation 
Grid 12µF 2µF capacitor  0.15s 0% 
C
o
m
p
o
n
e
n
t 60MVAr Capacitor bank  0.15s 0% 
10km-PI PI cable 10km 0.15s 0% 
15km-PI PI cable 15km 0.15s 0% 
15km-Cable Distributed cable 15km 0.15s 0% 
C
a
b
le
 l
e
n
g
th
 
10km-PI PI cable 10km 0.15s 0% 
15km-PI PI cable 15km 0.15s 0% 
20km-PI PI cable 20km 0.15s 0% 
25km-PI PI cable 25km 0.15s 0% 
30km-PI PI cable 30km 0.15s 0% 
35km-PI PI cable 35km 0.15s 0% 
40km-PI PI cable 40km 0.15s 0% 
T
im
e
 
150ms PI cable 25km 0.15s 0% 
151ms PI cable 25km 0.151s 0% 
152ms PI cable 25km 0.152s 0% 
153ms PI cable 25km 0.153s 0% 
154ms PI cable 25km 0.154s 0% 
155ms PI cable 25km 0.155s 0% 
156ms PI cable 25km 0.156s 0% 
157ms PI cable 25km 0.157s 0% 
G
e
n
e
ra
ti
o
n
 
0S PI cable 25km 0.152s 0% 
10S PI cable 25km 0.152s 10% 
25S PI cable 25km 0.152s 25% 
50S PI cable 25km 0.152s 50% 
75S PI cable 25km 0.152s 75% 
100S PI cable 25km 0.152s 100% 
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Table 10-24: Models used in all simulations of cable connection in external grid. 
Component Description of model used 
HV 132kV net-
work 
In all the simulations, the external 132kV Heysham substation is represented 
as an equivalent network (Thevenin: voltage source behind impedance). Two 
1km cable sections simulated as PI were included between the substation 
and the Point of Common Coupling (PCC). In section IV-B different compo-
nents were switched in at the Heysham substation. In the PSCAD model 
15km-Cable, a 15km distributed cable was created based on the available 
information from the manufacturer and IEEE guidelines [13]. In PSCAD the 
cable model used was the Frequency Dependent (phase) model. 
HV export grid Included in the models was the connection of the park transformer via a sin-
gle three-phase HV submarine cable (132kV /45km) and land cable (132kV 
/3km) to the PCC on land. In all of the PSCAD models the cables were mod-
elled as PI cables. 
MV collection 
grid 
The length of the MV submarine cables connecting the WTs in the WOW1 
varies between 0.6km and 2.3km long. Furthermore, the turbines connected 
at WOW1.1 and WOW1.2, both park transformers, as well as the row and 
root cables were included in all the PSCAD models. 
Wind turbines The wind turbine transformer (4MVA, 33/0.69kV) is connected to the collec-
tion grid via a vacuum circuit breaker. On the LV side of each transformer a 
high-frequency filter and reactor were included between the wind turbine 
transformer and the wind turbine converter. The wind turbine converter and 
the generator behind were modelled in all simulations as an ideal voltage 
source. 
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C   
APPENDIX: FIGURES FROM TIME DOMAIN 
MEASUREMENTS AND SIMULATIONS OF 
SWITCHING OPERATIONS IN THE WIND FARM 
GRID 
 
Figure 10-1: Measured (m) and simulated (s) voltages and currents at MMV in Avedøre 
during the switching out operation of the CB_MV from 60 to 100ms. The top figure 
shows the currents, while the bottom figure shows the voltages. 
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Figure 10-2: Measured (m) and simulated (s) voltages and currents at MMV in Avedøre 
during the switching out operation of the CB_MV from 70 to 73ms. The top figure 
shows the currents, while the bottom figure shows the voltages. 
 
Figure 10-3: Measured (m) and simulated (s) voltages and currents at MLV in Avedøre 
during the switching out operation of the CB_MV from 60 to 100ms. The top figure 
shows the currents, while the bottom figure shows the voltages. 
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Figure 10-4: Measured (m) and simulated (s) voltages and currents at MLV in Avedøre 
during the switching out operation of the CB_MV from 70 to 73ms. The top figure 
shows the currents, while the bottom figure shows the voltages. 
 
Figure 10-5: Measured (m) and simulated (s) voltages and currents at MLVcon in 
Avedøre during the switching out operation of the CB_MV from 60 to 100ms. The top 
figure shows the currents, while the bottom figure shows the voltages. 
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Figure 10-6: Measured (m) and simulated (s) voltages and currents at MLVcon in 
Avedøre during the switching out operation of the CB_MV from 70 to 73ms. The top 
figure shows the currents, while the bottom figure shows the voltages. 
 
Figure 10-7: Measured (m) and simulated (s) voltages and currents at MMV in Avedøre 
during the switching in operation of the CB_MV from 60 to 100ms. The top figure 
shows the currents, while the bottom figure shows the voltages. 
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Figure 10-8: Measured (m) and simulated (s) voltages and currents at MMV in Avedøre 
during the switching in operation of the CB_MV from 67 to 70ms. The top figure shows 
the currents, while the bottom figure shows the voltages. 
 
Figure 10-9: Measured (m) and simulated (s) voltages and currents at MLV in Avedøre 
during the switching in operation of the CB_MV from 60 to 100ms. The top figure 
shows the currents, while the bottom figure shows the voltages. 
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Figure 10-10: Measured (m) and simulated (s) voltages and currents at MLV in Avedøre 
during the switching in operation of the CB_MV from 67 to 70ms. The top figure shows 
the currents, while the bottom figure shows the voltages. 
 
Figure 10-11: Measured (m) and simulated (s) voltages at MMV in Avedøre during the 
switching in operation of the CB_MV from 67.08 to 67.2ms. The phase A voltages, 
phase B voltages and phase C voltages are shown in the top, middle and bottom figures, 
respectively. Only the results from the study case 1 (SC1) are shown here. 
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Figure 10-12: Measured (m) and simulated (s) voltages at MLV in Avedøre during the 
switching in operation of the CB_MV from 67.08 to 67.2ms. The phase A voltages, 
phase B voltages and phase C voltages are shown in the top, middle and bottom figures, 
respectively. Only the results from the study case 1 (SC1) are shown here. 
 
Figure 10-13: Measured (m) voltages at MMV in Avedøre during an additional switch-
ing in operation of the CB_MV from 183 to 193ms. 
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Figure 10-14: Simplified single line diagram of Nysted Offshore Wind Farm 
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Figure 10-15: Simplified single line diagram of Burbo Bank Offshore Wind Farm 
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Figure 10-16: Measured and simulated MV phase radial voltages (MV_Radial) at Burbo 
Bank during radial energisation from 75 to 78ms. The measurements (m) are shown in 
blue colour, the simulation results with the standard transformer model (s) in green col-
our and the simulation results with the FDTE transformer model (f) in red colour. 
 
Figure 10-17: Measured and simulated MV phase radial current (MV_Radial) at Burbo 
Bank during radial energisation from 75 to 78ms. The measurements (m) are shown in 
blue colour, the simulation results with the standard transformer model (s) in green col-
our and the simulation results with the FDTE transformer model (f) in red colour. 
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Figure 10-18: Measured and simulated MV phase voltages at wind turbine 38 (MV_38) 
at Burbo Bank during radial energisation from 75 to 78ms. The measurements (m) are 
shown in blue colour, the simulation results with the standard transformer model (s) in 
green colour and the simulation results with the FDTE transformer model (f) in red col-
our. 
 
Figure 10-19: Measured and simulated LV phase voltages at wind turbine 38 (LV_38) 
at Burbo Bank during radial energisation from 75 to 78ms. The measurements (m) are 
shown in blue colour, the simulation results with the standard transformer model (s) in 
green colour and the simulation results with the FDTE transformer model (f) in red col-
our. 
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Figure 10-20: Simplified single line diagram of Horns Rev 1 Offshore Wind Farm 
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Figure 10-21: Simplified single line diagram of Gunfleet Sands Offshore Wind Farm 
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Figure 10-22: Measured (m) and simulated (s) voltages and currents at the MV radial 
measurement location in Burbo Bank during the switching in operation of the wind tur-
bine 38 from 60 to 100ms. The top figure shows the currents, while the bottom figure 
shows the voltages. 
 
Figure 10-23: Measured (m) and simulated (s) voltages and currents at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching in operation of the wind 
turbine 38 from 60 to 100ms.  The top figure shows the currents, while the bottom fig-
ure shows the voltages. 
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Figure 10-24: Measured (m) and simulated (s) voltages and currents at the LV terminals 
of the wind turbine 38 in Burbo Bank during the switching in operation of the wind tur-
bine 38 from 60 to 100ms.  The top figure shows the currents, while the bottom figure 
shows the voltages. 
 
Figure 10-25: Measured (m) and simulated (s) voltages at the LV terminals of the wind 
turbine 38 in Burbo Bank during the switching in operation of the wind turbine 38 from 
70 to 75ms. 
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Figure 10-26: Measured (m) and simulated (s) phase B voltages at the MV terminals of 
the wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 
38 from 70.5to 73ms. 
 
Figure 10-27: Measured (m) and simulated (s) phase B voltages at the LV terminals of 
the wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 
38 from 70 .5to 73ms. The results from the sensitivity analysis from study case 1 (SC1), 
study case 2 (SC2) and study case 3 (SC3), are shown in the figure. 
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Figure 10-28: Measured (m) and simulated (s) phase B voltages at the LV terminals of 
the wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 
38 from 70 .5to 73ms. The results from the sensitivity analysis from study case 4 (SC4) 
and study case 5 (SC5), are shown in the figure. 
 
Figure 10-29: Measured (m) and simulated phase B voltages at the MV terminals of the 
wind turbine 38 in Burbo Bank during the switching in operation of the wind turbine 38 
from 70 .5to 73ms. The results from the sensitivity analysis from study case 6 (SC6) are 
shown in the figure. 
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Figure 10-30: Measured (m) and simulated (s) voltages and currents at the MV radial 
measurement location in Burbo Bank during the switching out operation of the wind 
turbine 38 from 60 to 100ms. The top figure shows the currents, while the bottom figure 
shows the voltages. 
 
Figure 10-31: Measured (m) and simulated (s) voltages and currents at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching out operation of the 
wind turbine 38 from 60 to 100ms. The top figure shows the currents, while the bottom 
figure shows the voltages. 
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Figure 10-32: Measured (m) and simulated (s) voltages and currents at the LV terminals 
of the wind turbine 38 in Burbo Bank during the switching out operation of the wind 
turbine 38 from 60 to 100ms. The top figure shows the currents, while the bottom figure 
shows the voltages. 
 
Figure 10-33: Measured (m) and simulated (s) voltages and currents at the MV termi-
nals of the wind turbine 38 in Burbo Bank during the switching out operation of the 
wind turbine 38 from 73 to 78ms. The top figure shows the currents, while the bottom 
figure shows the voltages. 
T1           T2 
T1 
T2 
 Appendix: Figures from time domain measurements and simulations of switching operations in the wind 
farm grid 
257 
 
Figure 10-34: Measured (m) and simulated (s) phase B voltages at the MV terminals of 
the wind turbine 38 in Burbo Bank during the switching out operation of the wind tur-
bine 38 from 74.5to 75.5ms. 
 
Figure 10-35: Measured (m) and simulated (s) voltages at the MV radial measurement 
location in Burbo Bank during the switching in operation of a Capacitor bank from 60 
to 100ms. The top figure shows the phase A voltages; the middle figure the phase B 
voltages and the bottom figure shows the phase C voltages. 
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Figure 10-36: Measured (m) and simulated (s) voltages at the MV radial measurement 
location in Burbo Bank during the switching in operation of a Capacitor bank from 63 
to 65ms. The top figure shows the phase A voltages; the middle figure the phase B volt-
ages and the bottom figure shows the phase C voltages. 
 
Figure 10-37: Measured (m) and simulated (s) currents at the MV radial measurement 
location in Burbo Bank during the switching in operation of a Capacitor bank from 63 
to 65ms. The top figure shows the phase A current, the middle figure the phase B cur-
rent and the bottom figure shows the phase C current. 
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Figure 10-38: Measured (m) and simulated (s) phase C voltages at all measurement lo-
cation in Burbo Bank during the switching in operation of a Capacitor bank from 63 to 
64ms. The top figure shows the phase C voltage in the MV radial, the middle figure the 
phase C voltage in wind turbine 22 and the bottom figure shows the phase C voltages in 
wind turbine 38. 
 
Figure 10-39: Measurements and simulation of the inrush current of a 4MVA trans-
former. The measured and simulated phase A current (Ia) is shown in the top figure, the 
middle figure shows the phase B current (Ib), and the bottom figure shows the phase C 
current (Ic). The measured currents (-m) is shown in black colour while the simulated 
currents (-s) are shown in dashed grey colour. Adopted from [19]. 
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Figure 10-40: Simplified single line diagram of the collection grid during emergency 
situation. The offshore wind farm substation power transformers are not shown in the 
diagram, since during emergency situation these components would not be connected to 
the collection grid. Adopted from [19]. 
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Figure 10-41: Single line diagram of export system of Gunfleet Sands Offshore Wind 
Farm.  
 
Figure 10-42: Measured (m) and simulated (s) voltages and currents during the 
switching out operation of the circuit breaker CB2_HV. The measurements and 
simulations at a) the cable side of the CB_HV are shown in the first row; b) MV side of 
the wind farm transformer 2 and c) MV side of the wind farm transformer 1. 
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Figure 10-43: Measured (m) and simulated (s) voltages and currents during the 
switching out operation of the circuit breaker CB1_HV. The measurements and 
simulations at a) the cable side of the CB_HV are shown in the first row; b) MV side of 
the wind farm transformer 2 are shown in the second row and c) MV side of the wind 
farm transformer 1 are shown in the third row. 
 
Figure 10-44: Measured (m) and simulated (s) voltages and currents at the cable side of 
the CB_HV during the switching out operation of the circuit breaker CB_HV. The 
currents are shown in the top subplot and the voltages in the bottom subplot. 
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Figure 10-45: Measured (m) and simulated (dis) voltages and currents at the cable side 
of the CB_HV during the switching in operation of the circuit breaker CB_HV. The 
currents are shown in the top subplot and the voltages in the bottom subplot. 
 
 
Figure 10-46: Measured (m) and simulated phase C voltages and currents at the cable 
side of the CB_HV during the switching in operation of the circuit breaker CB_HV. The 
currents are shown in the first row and the voltages second row. The measurements and 
simulations from 90 to 120ms are shown in the left colum while the measurements and 
siulations from 92 to 96ms are shown in the right column. The simulation results using 
a Frequency Dependent (phase) model (dis) and PI section (PI) are shown. 
 
T2 
T2 
T1 
T3 
Icm Icm 
Vcm 
Vcm 
T2 
 Appendix: Figures from time domain measurements and simulations of switching operations in the wind 
farm grid 
264 
 
Figure 10-47: Measured (m) and simulated (s) voltages and currents during the 
switching in operation of the circuit breaker CB2_HV. The currents are shown in the 
left column and the voltages in the right column. The measurements and simulations at 
a) the cable side of the CB_HV are shown in the first row; b) MV side of the wind farm 
transformer 2 are shown in the second row and c) MV side of the wind farm transformer 
1 are shown in the third row. 
 
Figure 10-48: Measured (m) and simulated (s) phase voltages at the MV side of the 
wind farm transformer 2 during the switching in operation of the circuit breaker 
CB2_HV. Phase A voltage is shown in the top, phase B voltage in the middle and phase 
C voltage in the bottom. 
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Figure 10-49: Measured (m) and simulated (s) voltages and currents during the 
switching in operation of the circuit breaker CB1_HV. The currents are shown in the 
left column and the voltages in the right column. The measurements and simulations at 
a) the cable side of the CB_HV are shown in the first row; b) MV side of the wind farm 
transformer 2 are shown in the second row and c) MV side of the wind farm transformer 
1 are shown in the third row. 
 
Figure 10-50: Measured (m) and simulated (s) phase voltages at the MV side of the 
wind farm transformer 1 during the switching in operation of the circuit breaker 
CB1_HV. Phase A voltage is shown in the top, phase B voltage in the middle and phase 
C voltage in the bottom. 
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Figure 10-51: Measured (m) and simulated voltages at the MV side of the wind farm 
transformer 1 during the switching in operation of the circuit breaker CB1_HV. The 
PSCAD simulations with the FDTE transformer model and 1µs step size is shown (1us-
FDTE) from 95 to 116ms. 
 
Figure 10-52: Measured (m) and simulated voltages at the MV side of the wind farm 
transformer 1 during the switching in operation of the circuit breaker CB1_HV. The 
PSCAD simulations with the FDTE transformer model, 1µs step size, multiplied by 1.3 
and with the phase angle of the voltage source with 83 less is shown ((1us-FDTE)*1.3-
83) from 95 to 120ms. 
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Figure 10-53: Single line diagram of export system of Walney 1 Offshore Wind Farm. 
 
Figure 10-54: Single line diagram of the external grid, export circuit and collection grid 
of Walney 2. Adopted from [32]. 
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Figure 10-55: Single line diagram of export system and external grid of Gunfleet Sands 
Offshore Wind Farm. 
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 ABSTRACT 
THIS paper presents three topics which are important for better performance of future 
wind farms. The topics are investigated in three coordinated Ph.D. projects ongoing at 
the Technical University of Denmark (DTU), Aalborg University (AAU) and DONG 
Energy. The objective of all projects is to improve the understanding of the main elec-
trical components in wind farms, based on available information, measurement data and 
simulation tools. 
The aim of these projects is to obtain validated models of wind turbine (WT) generators, 
WT converters, WT transformers, submarine cables, circuit breakers and wind farm 
transformers, and to develop a methodology on how to select appropriate equipment for 
the power system, control system and protection system. 
 
I.  INTRODUCTION 
Three coordinated Ph.D. projects have recently started at DTU, AAU and DONG Ener-
gy. The main aim of the three of Ph.D. projects is to improve the understanding of the 
main electrical components in wind farms. Two of the Ph.D. projects focus specifically 
to offshore wind farms and full-scale converter wind turbines (WTs), while the other 
focus on the electrical main components WTs in general. 
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The Ph.D. project ―Overvoltages and Protection in Offshore Wind Power Grids‖ focus 
on the transient and temporary overvoltages known to appear in the collection grid of 
offshore wind farms. The academic and industrial partners of this project are DTU, 
DONG Energy and Siemens Wind Power. 
The Ph.D. project ―Harmonics in Large Offshore Wind Farms‖ will provide in-depth 
knowledge of all relevant aspects related to harmonics in offshore wind farms. The aca-
demic and industrial partners of this project are AAU and DONG Energy. 
The Ph.D. project ―Electrical Main Components in Wind Turbines‖ focus on electrical 
compatibility between the main electrical components of WTs and their compatibility 
with the surrounding environment. The academic and industrial partners of this project 
are DTU, DONG Energy, Vattenfall, DTU-Risø, AAU, ABB, Siemens, DELTA, Sie-
mens Wind Power and CODAN. 
 
II. OVERVOLTAGES AND PROTECTION IN OFFSHORE WIND POWER GRIDS 
So far, there have been successful applications of large offshore wind farms in Denmark 
and the UK. However, the failure rate experienced for certain components in offshore 
wind farms is too high and several research projects focus on different aspects relating 
to this, for example a recently completed DONG Energy Industrial Ph.D. project by N. 
Barberis Negra [1]. Overvoltages are a possible cause of some component failures expe-
rienced in offshore wind farms incl. failures to WT transformers at Middelgrunden and 
Horns Rev 1 [2]. The present project will focus on overvoltages in offshore wind farms 
especially related to the cable collection grid – i.e. on the mechanisms causing overvolt-
ages. The approach will be development of validated models for computer tools for 
simulating and assessing the severity of overvoltages, and on mitigation by insulation 
coordination. 
Large offshore wind farms (OWFs) are based on extensive MV submarine cable collec-
tion networks connecting tens to hundreds of usually identical WTs placed in regular 
patterns with certain interspacing and connected to a transformer station which in large 
wind farms is usually also placed offshore at which the voltage is raised to high voltage 
for transmission via a submarine export cable to a connection point in the public power 
system on land. Such arrangements are unusual as compared to a typical expansion of a 
power system in several ways such as: the lateral sizes of the systems, the large number 
of identical sub systems: generators, power converters, transformers, and switchgears in 
the WTs and collection network cable network; and also unusual compared to other 
power system´s operating conditions and environmental constrains. 
The wind farm transformer station is often connected via a single export cable to a con-
nection point to the public power grid on land up to more than hundred kilometres from 
the offshore wind farm. This is also highly unusual. 
Transient- and temporary overvoltage studies and system protection studies are usually 
performed during the development of extensions of the electric power systems. The 
detail to which such studies are conducted depends on the simulation tools and re-
How to improve the design of the electrical systems in future wind farms 
271 
sources available, and the reliability of the results depend on the tools used as well as 
the trustworthiness of models and input parameters representing the components of the 
system. DONG Energy have previously conducted overvoltage studies for the Danish 
offshore wind farms Nysted and Middelgrunden, however in both cases the usefulness 
of the studies were limited by the uncertainties that had to be attributed to the models 
and therefore to the results. This problem was also demonstrated in a recent M.Sc. pro-
ject [3] that compared two commercial simulations tools against measurement, and con-
firmed that insufficiently accurate models, input parameters and limitations of the simu-
lation tools lead to significant uncertainties of results. 
This Industrial Ph.D. project is focused on investigating how best to perform such stud-
ies for offshore wind farms taking into account the new and unusual conditions typical 
of offshore wind farms mentioned above, and with the specific aim to improve methods 
and models to be used for these studies and thereby achieve the necessary higher relia-
bility of offshore wind farms as large power generation units in electrical power sys-
tems. 
 
Regarding the modelling of MV and HV equipment for transient overvoltage studies / 
insulation coordination, there is fair amount of information and guidelines available in 
the literature about circuit breakers, transformers, cables, surge arrestors etc.; this how-
ever tend to be mainly theoretical information, and in practice the information about 
these components is typically not available in sufficient detail for accurate insulation 
coordination studies [4]. Furthermore, commercial simulation tools tend either to have 
limited facilities for this type of studies or require very specialized training and experi-
ence. In short, the credibility of this type of studies relies on the quality of the models 
and information that the user can get hold of, and even then, it depends on the simula-
tion tools and the user‘s skills. This creates additional concern and further work is nec-
essary to design the collection grid of wind farm with the high reliability, needed for 
offshore wind farms. The following sections will briefly describe how some compo-
nents can be modelled for transient overvoltage studies. 
Vacuum circuit breakers (VCB) are often used in offshore wind farms as primary 
switchgear components, hence it is important to be able to accurately represent this 
component. Recent research has shown the importance of the representation of VCBs in 
the simulations of wind farms [5],[19] and the simulation tools currently available to 
DONG Energy evidently does not have sufficiently accurate models for this component 
to replicate switching overvoltages measured in wind farms [18]. For the VCB different 
models do exists and they all take into account arc thermal instabilities. However there 
is no universal precise arc model. The generic model of VCBs incorporates stochastic 
properties of different phenomena that take place in the breaker opening and closing 
process [6]. The different properties that are generally considered are the random nature 
of the arcing time, current chopping ability, the dielectric strength between contacts, and 
the quenching capabilities of the high frequency current at zero crossing [7]. In [8] a 
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procedure to estimate the VCB parameters based on measurements has been developed 
with good accuracy, as well as interesting conclusions regarding the magnitude and rise 
time of surges. However such more accurate models are in practice not available for the 
commercial VCBs employed in wind farms, as it is either generic/theoretical models or 
kept confidential by the VCB manufacturer. This therefore creates a need for develop-
ing sufficiently accurate open models for the VCBs actually used in wind farms and for 
validating them against measurements.  
Each WT is connected to the MV submarine cable collection grid through a step-up 
transformer, which must be modelled sufficiently accurately for transient studies, since 
fast and very fast transients are a known cause of transformer damages. A detailed 
transformer transient model can be employed to design the proper insulation [9]. Trans-
former modelling methods can be classified as Gray Box and Black Box models. The 
Gray Box models can be used by the transformer designer to study the resonance behav-
iour of transformer windings and the distribution of electrical stresses along the trans-
former windings. The Black Box models are necessary for the insulation coordination of 
power system and can be employed to evaluate the current and voltage wave shapes at 
the terminals of the transformer. The Black Box models are normally based on the re-
sults from measurements in time and/or frequency domains. Gustavsen has developed a 
procedure to measure the frequency dependent admittance matrix of the transformer 
[10], and then create a synthesized electrical network [11] using the vector fitting tech-
nique [12]. However, such models are in practice not available from the transformer 
manufacturer and sufficiently accurate models therefore have to be developed and vali-
dated against measurements.  
The cables in the collection grid of offshore wind farms are solid dielectric cables with 
cross-linked polyethylene (XLPE) insulation. For transient studies the cables should be 
modelled in EMT programs that can accurately represent the frequency dependence of 
the cables. These models require certain information: the series impedance matrix Z and 
the shunt admittance matrix Y. These parameters are calculated automatically by the 
cable constants routines within the program, using cable geometry and material proper-
ties as input parameters. The calculation of Z and Y from the geometry and the material 
properties follows similar procedures for all cable constant routines. However there are 
still challenges regarding the impedance calculation based on computing surface imped-
ance and transfer impedance of cylindrical metallic shields, as well as regarding calcula-
tion of the self and mutual ground impedances [13]. Again such models are in practice 
not available from the cable manufacturer and therefore have to be developed and vali-
dated against measurements. 
Metal oxide surge arresters (MOSA) are widely used as protective devices against 
switching and lightning overvoltages in power systems. Switching surge studies could 
be performed by representing the MOSA only with their non-linear V-I characteristics.  
However, MOSA have dynamic characteristics and have to be modelled differently for 
low frequency, slow front, fast front and very fast front transients; as explained and dis-
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cussed in [14]. Some characteristics, referred to as frequency-dependent and tempera-
ture-dependent, might be required in more sophisticated models than the simple static 
non-linear resistance. Again such models are in practice not available from the MOSA 
manufacturer and therefore have to be developed and validated against measurements. 
 
The temporary overvoltages in the collection grid of offshore wind farms is gaining 
attention from wind farm owners and WT manufacturers due to the large amount of 
sensitive power electronics in frequency converter WTs. The transmission system oper-
ators are also interested in temporary overvoltages, since high overvoltages are experi-
enced when disconnecting in the grid connection system for offshore wind farms while 
the WTs are operating [14]. However, at the planning stage of a wind farm, the system 
designer has at best only a limited digital model from the WT manufacturer available to 
estimate the worst possible temporary overvoltage. 
Overvoltages as high as 2p.u. in Horns Rev 1, on the west coast of Denmark, have been 
observed when the main-circuit breaker tripped the wind farm cable at the on-land con-
nection point and left the wind farm in isolated operation with the cable and the wind 
farm transformer [15]. Although such events are rare, this represents a risk of damaging 
the equipment. The Danish transmission system operator, Energinet.dk, performed in-
vestigations of such overvoltage in connection with the planning of the new offshore 
wind farm Horns Rev 2. These investigations have shown that the temporary overvolt-
age levels are influenced by many parameters, including operational characteristics of 
the WTs prior to the disconnection, protection systems, control and the accuracy of the 
representation of the cable and the transformers in the relevant frequency range [16]. 
The WTs have evolved from the first models with direct connected induction machines, 
to complicated systems with new advanced equipment and capabilities. As mentioned 
before, the wind farm developers have only limited digital models of the WTs from the 
WT manufacturers, available for conducting the appropriate design studies. Such dy-
namic WT models are based on a generic design of a variable-speed WT employing 
either a doubly fed variable speed generator or a full-scale converter where the WT gen-
erators is grid connected through a frequency converter system, which feeds the gener-
ated active and reactive power into the power grid at the power system frequency. The 
application of a frequency converter system comprises two AC/DC converters and a 
DC- link. The DC-link decouples the generator and grid frequency, so that the WT rotor 
speed always can be optimized to the actual wind speed conditions. The combination of 
variable-speed operation and pitch blade-angle control improves power output optimiza-
tion of the WT rotor and reduces noise. In high-speed wind, the pitch control is used to 
limit the power output to the rated WT power. 
Work with implementation and validation of dynamic WT models are of increasing im-
portance for wind farm developers and transmission system operators, since the offshore 
wind power installations increase in size and complexity and the dynamic simulation 
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tools become an indispensable part of transient overvoltage stability and insulation co-
ordination studies related to the incorporation of wind power into power grids 
WT manufacturers have developed dynamic simulation model of their WTs, as request-
ed by transmission system operators and wind farm developers.  Siemens Wind Power 
has published the dynamic model validation results for a certified fault-ride through 
tests (Low voltage ride through). The validation has shown good agreement between the 
measurements and the dynamic results gained from the WT [17]. The successful valida-
tion gives credibility to the WT model for transient power system stability studies. 
However, there is a corresponding need for accurate and validated modelling of WTs in 
connection with overvoltages, which so far have not received nearly as much interest as 
low voltage ride through. 
 
As mentioned above, there has been extensive work done regarding the modelling of 
transformer, cables, circuit breakers, surge arresters and WTs for different studies; how-
ever no work has been done so far on gathering this information and apply it to create 
general guidelines for overvoltage protection studies in offshore wind farms. Doing this 
in this Industrial Ph.D. project, will eventually help to develop a more reliable and ro-
bust electric network from the planning stage to the operation of the wind power plant. 
 
Regarding the available measurements to create validated models, DONG Energy has 
access to GPS synchronized high frequency measurements of switching events realized 
at three different locations in two different large offshore wind farms: Nysted Offshore 
Wind Farm and Burbo Bank Offshore Wind Farm, as well as long term time series and 
power quality measurements registered at 44.5kHz [18]. The measurement system was 
developed and the measurements performed within the project entitled ―Voltage condi-
tions and transient phenomena in medium voltage grids of modern wind farms‖, PSO-
F&U Projekt nr. 2005-1-6345.  
These measurements will be used in this Industrial Ph.D. project, and further measure-
ments are planned after completion of other offshore wind farms. These measurements 
are important because it makes possible to validate the capabilities of the simulation 
tools for transient and temporary overvoltage simulations against actual measurements. 
Moreover, the measurements will be used for validation and improvement of compo-
nents models. Based on existing component models and the available information about 
the wind farm electrical components, more detailed models of cables, transformers, 
switchgears and protective equipment will be developed and implemented in short cir-
cuit studies, insulation coordination studies, islanding operation studies and protective 
relaying studies. 
 
Most of the research of this Ph.D. project will be based on simulation tools and high 
frequency measurements in offshore wind farms, where the capabilities of the simula-
tion tools will be tested and analyzed in order to find the optimum solution to protect the 
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wind power plant. The main premise here is to regard the protection system design used 
today, as insufficient for accurate overvoltage estimation, based on ambiguous simula-
tion tools and models. The new protection schemes will be implemented digitally based 
on the validated models, operational experience, technical capabilities of the real sys-
tem, available protection equipment, and if necessary additional components. Finally, 
recommendation will be created regarding the simulation tool‘s capabilities and the ac-
tual overvoltages in the system 
 
III. HARMONICS IN LARGE OFFSHORE WIND FARMS 
Nowadays, variable-speed WTs are grid friendly machines in most power quality re-
spects. The power electronic devices with advanced semiconductor technology and ad-
vanced control methods that are used in WTs for transferring power from the generator 
to the grid can meet with the most demanding grid requirements seen today. However 
there are issues with regards to the power quality, voltage stability, transmission losses, 
and reliability that need to be addressed and improved in order to exploit the potential 
and advantages that large offshore wind farms (OWFs) have as important elements in 
the efforts to reach renewable energy targets while maintaining a stable and robust pow-
er system. 
Harmonics generated by the grid side power converters may be of concern in networks 
where harmonic resonance conditions may exist in large OWFs with a widespread sub-
marine MV cable network connected to the transmission system by long HV cables. 
Submarine power cables, unlike underground land cables, need to be heavily armoured 
and are consequently complicated structures, having many concentric layers of different 
materials. Inductive coupling across the material boundaries contribute to the overall 
cable impedance, and these complex relationships consequently affect the level of volt-
age and current waveform distortion and amplification due to possible resonances, as 
the electrical characteristic of cables in the frequency domain is dependent on their ge-
ometrical arrangement and material layer structures [32]. In particular power cables 
have a relatively larger shunt capacitance compared to overhead lines which make them 
able to participate more in resonant scenarios. Consequently, it becomes necessary to 
study the different categories of resonance problems in more detail; in particular for 
OWFs connected to the transmission system with large MV submarine cable systems 
and long HV cables [33]. An electrical transmission system can magnify harmonic volt-
ages or harmonic currents that happen to be at, or near to, a resonance frequency [31]. 
This issue becomes quite complicated and makes accurate harmonic analysis of OWFs 
much more complex, involving advanced models for all system components, including 
the external HV network with consumer loads connected which present the greatest un-
certainties. 
In the case of small onshore dispersed wind farms (WFs) connected to the distribution 
network, performing sophisticated harmonic load flow studies is not a usual practice 
due to the large number of such installations. For large OWFs where the total capacity is 
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in the range of hundreds of MW, harmonic load flow analysis becomes an important 
issue. 
WT performance is a critical issue in light of increasingly stringent grid connection re-
quirements. These days, modern wind farms provide a sophisticated set of grid code 
friendly features. This is achieved by using sophisticated WF control systems for inte-
grating external control signals, measurements, the control systems of the individual 
wind turbines, and centralised units such as park transformers, SVCs etc.  
The full-scale converter WTs concept is an important technical advantage to reduce 
constraints as far as the fulfilment of grid codes requirements is concerned. Technology 
provided by most of WT manufacturers can support the grid through reactive power 
supply, and it can be operated similar to a conventional power plant. Additionally, with 
the reactive power feature, the WTs in the MW power capacity range can generate reac-
tive power even when the wind is not blowing, which can be exploited for providing 
reactive power to the system and for fast response voltage stabilization, which otherwise 
would have to be provided by other units in the system. 
 
Stochastic aspects of WT harmonic emission have to be applied for WFs with power 
converters, and it is known that probabilistic techniques are helpful for evaluating the 
harmonic emission of a wind farm [28, 29]. This is also aligned with the statistical ap-
proach adopted in the IEC 61000 series of electromagnetic compatibility (EMC) stand-
ards, where harmonic emission assessment refers to 95% non-exceeding probability 
values on the whole measurement period. 
The total harmonic emissions of a WF depend on the statistical characteristics of the 
individual WT harmonic current or voltage vectors. The probability distribution func-
tions of their magnitudes and phase angles may prove very helpful in detailed harmonic 
studies. 
 
The number of WTs with full-scale converters used in large OWFs is rapidly increasing. 
More and more WT manufacturers such as General Electric (GE), Siemens, Vestas, and 
Gamesa use back-to-back converters in their flagship products. As mention before, at 
present, these WTs are mainly connected through a widespread MV cable network with 
practically no consumption and connected to the transmission system by long HV ca-
bles. This represents new challenges to the industry in relation to understanding the na-
ture, propagation, and effects of harmonics. 
Today‘s WTs with a power greater than 2MW [20] are mainly variable speed turbines. 
For offshore applications, where low maintenance requirements are essential, a WT 
with a permanent magnet excited generator is widely considered to be the promising 
solution, in which case a full-scale back-to-back converter has to be applied. The con-
version efficiency of this system is very competitive, especially in partial load opera-
tion. 
How to improve the design of the electrical systems in future wind farms 
277 
Compared to a conventional system with a doubly-fed induction generator, the efficien-
cy in the partial load range is remarkably higher, resulting in increased revenues for 
wind power producers. This and many other advantages contribute full scale power 
converters in WTs to have a bright future. For example, an extremely important issue is 
that during extreme grid faults, the full-rating power converter can provide 100% reac-
tive current [21] to support the grid which is required by many European grid codes 
today. 
 
While WTs up to 5MW are already produced in series, WTs with higher power levels 
are either under development or at the prototype stage. Most of the next generation WTs 
are expected to be applied in large WFs situated either offshore or in regions with low 
population density. Higher power WTs in the range higher than 5MW are expected in 
the future. The OWFs are seen as power generation plants. In case of a grid frequency 
drop for example, the WTs have to maintain the power level to support the grid. Anoth-
er important demand is that the WT must stay in operation in case of reclosing opera-
tions which are carried out in the event of short circuit problems in the grid. 
Inside large OWFs, the future turbines face new control requirements, as grid code re-
quirements might be stricter, and as advanced control in power converters allows for the 
implementation of advanced functions to improve OWFs performance as large genera-
tors connected to the grid. For instance, harmonic damping might be required by grid 
codes in order to improve the power quality. 
The output of the converter is connected through a grid filter to a step-up transformer 
which adjusts to the higher voltage of the collection cable system. An important chal-
lenge in the converter and filter design is to meet the harmonic emission requirements 
according to IEC and IEEE standards [22, 23]. 
In order to meet these requirements with the chosen converter topology and an optimal-
ly sized filter, the approach of optimised pulse patterns is used. This technique enables 
the converter to eliminate low and high order harmonics. Sometimes, to improve the 
grid converter harmonic emission spectrum, the passive grid filter is involved to elimi-
nate the remaining higher order harmonics. Therefore, the wind power converter is op-
erated with an optimised pulse pattern on the grid side. Different modulations used by 
manufacturers imply different harmonic spectra of the power converters. 
Modelling strategies for harmonic sources and network components for various widely 
used approaches to power system harmonic analysis are sometimes insufficient. It has 
been observed that different modelling techniques give different results. That is why 
measurement data processing and model validation play a crucial role. Simulation tech-
niques in the frequency, time, and harmonic domains and modelling of the WTs as har-
monic sources sometimes should be extended and accuracy for different cases assessed. 
Various phenomena related to harmonics need to be investigated, explained, and com-
pared with measurements. It is necessary to find methods to achieve better agreement 
between theory and experimental/practical results. 
How to improve the design of the electrical systems in future wind farms 
278 
It has been observed that resonances may be excited by a relatively small distortion 
source in the system or by an unbalance situation which has influence on the converter 
components or applied control strategy. The resulting amplification of the small source 
by the resonant characteristics of the system can compromise the normal operation or 
even lead to instability. This phenomenon might appear in case of large OWFs where 
resonance peaks may appear in a frequency range of up to 2000 Hz. This is investigated 
by use of a wind farm equivalent model in frequency domain with a power converter as 
a main harmonic source frequency response simulation. 
 
The objectives of the PhD project are to provide in-depth knowledge of all relevant as-
pects related to harmonics in offshore wind farms including: 
o The voltage source converter as a harmonic source 
o Modelling and analysis of WTs and wind farm network elements in rela-
tion to harmonics (i.e., the frequency range from DC to 5kHz) in time 
and frequency domain 
o Modelling of WT converters and other wind turbine components in time 
and frequency domain 
o Interaction of offshore wind farms with AC transmission system (other 
harmonic sources, controllers, etc) 
o Dynamic phenomena, ferroresonance, harmonic instability, period dou-
blings, etc 
o Operation of VSC with harmonic resonances near its characteristic fre-
quency 
o Engineering standards and power quality standards. 
 
The rapidly growing wind power market shows development and application of new 
technologies of WTs, and for sure, full-scale converter have the green light in WT ap-
plication. But even in this narrow part of the power electronic industry, every manufac-
turer introduces different topologies and control scenarios, which show different behav-
iour and therefore needs to be addressed individually. 
As an example the Gamesa G10X WT can be mentioned where parallel connected volt-
age source converters (VSC) with advanced control are used. The control improves the 
harmonic spectrum of the converter close to switching frequencies. This change influ-
ences the power converter harmonic emission and changes the system impedance be-
cause no additional passive filters are needed [34]. This redundancy also increases the 
total DC link capacitance level and resonance peaks in the impedance sweep. 
On the other hand, in the Enercon E112, the redundancy in power electronic devices 
exists for grid converters [35]. Therefore, the DC link capacitance will inevitably be 
lower in comparison to the Gamesa model. Of course the list of differences of WTs and 
other components in WFs, that influence the harmonic analysis, is much longer. 
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It is concluded that every WF system configuration should be investigated in coopera-
tion with manufacturers which increases modelling complexity and difficulties. This 
problem is not only with reference to harmonic analysis, it exists in all branches of 
modelling. It shows the necessity to extend the requirements for data provided by manu-
facturers and to describe modelling methods better in standards. 
 
IV. ELECTRICAL MAIN COMPONENTS IN WIND TURBINES 
This Ph.D. project forms the main part of a PSO project "Electrical Main Components 
in Wind Turbines – Environment, Compatibility and Specifications". The main focus in 
the Ph.D. project is on electrical compatibility between the main electrical components 
of WTs defined as the generator, converters, filters, transformer, cables and breakers 
and their compatibility with the surrounding environment. 
Through simulations of the WT systems, the project will analyse the interaction be-
tween the main WTs components, their specific characteristics and the interaction with 
the electrical grid. Methods and tools for the assessment of the electrical conditions sur-
rounding the components and the influence of the components will be provided in order 
to formulate guidelines that ensure compatibility. 
 
‗Environment‘ is the subtitle of a task in the PSO project which covers mainly the elec-
trical exposure of the components from the varying load and operational conditions. In 
cooperation with other research institutes, manufacturers and utilities, this part aims at 
classification of the component environment, as known from other specific applications 
than WTs. 
Here, focus is especially on load mapping based on analysis of wind conditions at se-
lected sites and by monitoring data analysis mainly with respect to load amplitude, dura-
tion, frequency and slope. These data are supplemented by investigations of other expo-
sures to the main components, like overvoltages and climatic and mechanical condi-
tions. In order to be valid as broad as possible, this work should be based on the most 
common WT constructions and the classification should be as independent of specific 
component types as possible. 
 
‗Compatibility‘ is the core of the Ph.D.  project and covers development of tools for 
investigation of the internal WT components interaction and their compatibility with the 
surrounding grid. Such investigations require thorough knowledge of  
- the component‘s broad band characteristics, 
- the WT electric circuit,  
- the surrounding grid, 
- operational aspects. 
Since the aim is a systematic approach to reveal critical component combinations, it is 
important to simplify component models by characterization through a number of pa-
rameters. This number has to be sufficient to cover the typical properties, like pro-
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nounced resonance frequencies. The simplified component models then are included in 
typical WT electrical circuit models. Numerical simulations show the electrical behav-
iour under systematic parameter variations, by means of which critical combinations can 
be uncovered. The exposure of the components from both wind and grid side is a neces-
sary part of the simulations, which means that, in order to describe these two interfaces, 
the simplified approach should be used as well. For the same reason operational aspects 
like switching operations have to be included. 
It is obvious that in this kind of investigations, the number of parameters to be varied 
should be limited, in order to ensure realistic simulation times. On the other hand, it is 
important to include all necessary parameters and for that reason the last part of this 
project deals with the component specifications. 
 
The projects third subtitle, ‗specifications‘, means mapping of necessary and sufficient 
component specifications. Here ‗necessary‘ is in the sense of specifications that enable 
us to establish broad band simulation models, which can reveal critical combinations 
under all operational conditions. ‗Sufficient‘ is in the sense of limiting the number of 
details in the specifications to realistic values. As an example can be mentioned that 
broad band transformer models [10], even up to the MHz range, now are considered as 
necessary. But how many details are sufficient in the frequency spectrum to show criti-
cal behaviour in the actual configuration?  
 
It should be clear that the three subtopics in the ‗Electrical Main Components in Wind 
Turbines‘ project are closely linked to each other and cooperation between research 
institutes, manufacturers and utilities is necessary. The research results will apply to 
design of WTs and wind farms by providing the basis for common guidelines for elec-
trical component procurement, wind farm planning and design, and risk analysis of se-
lected electrical systems. 
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ABSTRACT 
This paper presents an overview of an ongoing Industrial Ph.D. project ―Overvoltages 
and Protection in Offshore Wind Power Grids‖, at the Technical University of Denmark 
(DTU) in cooperation with DONG Energy and Siemens Wind Power. The objective of 
this project is to improve the understanding and simulation models of the main electrical 
components in wind farms, based on available information, measurement data and 
simulation tools. 
The main aim of this project is to obtain validated models of wind turbine (WT) con-
verters, WT transformers, submarine cables, vacuum circuit breakers, surge arresters, 
reactors and wind farm power transformers, and to develop a methodology on how to 
select appropriate equipment and protection system.  
 
I.  INTRODUCTION 
Large offshore wind farms (OWFs) are characterized by extensive MV submarine cable 
collection networks connecting up to hundreds of identical WTs, placed in regular pat-
terns with certain interspacing. Each WT generator is connected to the MV network 
through a step-up transformer and switchgear. The collection grid is connected to a 
main transformer station which in large wind farms is usually placed offshore on a plat-
form at which the voltage is raised to high voltage for transmission via a submarine ex-
port cable to a connection point in the public power grid on land up to more than hun-
dred kilometres from the offshore wind farm.  
Such arrangements are unusual as compared to a typical power system in several ways 
such as: the lateral sizes of the systems, the large number of identical sub systems con-
sisting of generators, power converters, transformers, and switchgears in the WTs plus 
the very systematically designed collection network. In addition to the design related 
characteristics, also the operating conditions of such a plant have to be considered as 
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unusual, as compared to the conventional power system´s operating conditions and en-
vironmental constrains. 
Offshore wind farm developers have to work under specific constraints, from the mo-
ment when they have received the consent to build until the delivering date of the first 
kWh to the grid. Under these, very often demanding conditions, selection of appropriate 
equipment and protection systems for each wind farm will be based on the available 
standard solutions i.e. the distribution grid design procedure, IEC standards and IEEE 
recommendations. For instance, the time it takes to select a power transformer for a 
large offshore wind farm is relatively short, in comparison to the construction, delivery 
and installation times. And even when you select the equipment based on accepted 
standards, for typical installations and operating conditions, there are uncertainties that 
should be considered and acknowledged. 
In order to create validated models to be used in appropriate simulation tools it is neces-
sary to limit the amount of uncertainties. Therefore, the components have to be charac-
terized sufficiently accurately and it has been decided to measure to a certain degree the 
properties of: 
• WT converters, 
• WT transformers, 
• submarine cables, 
• vacuum circuit breakers, 
• surge arresters, 
• reactors, 
• wind farm power transformers. 
 
II.  MEASUREMENTS 
In order to obtain as much information as possible, time-domain and frequency-domain 
measurements will be used.  
Some time-domain measurements have already been performed in the PSO-F&U Pro-
ject nr. 2005-1-6345 in Burbo Bank, Horns Rev 1 and Nysted offshore wind farms, 
where a high frequency transient recording system developed by DELTA was used. [1], 
which sampled simultaneously three phase voltages and three phase currents at 2.5 MHz 
at three different locations in the MV collection grid and synchronized via GPS. The 
measuring points were located in each wind farm as shown in Table 1. The measured 
locations in Nysted are shown in Figure 1; and the measurements in Burbo Bank and 
Horns Rev 1were made at corresponding locations. 
 Currently DONG Energy is developing its own measurement system to record transi-
ents, based on National Instruments components and software. The idea for future 
measurements would be to validate WT converters, transformers, surge arresters and 
circuit breaker models as explained further in the document. 
In order to realize frequency-domain measurements, a FRAX-101 with AIP-101 from 
Megger [2] has been acquired for component characterization. The main principle of the 
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FRAX-101 is to supply a variable frequency AC voltage to one terminal of the tested 
component, and measure the response at another terminal. The FRAX-101 is able to 
change the frequency incrementally in steps from 0.1 Hz to 25 MHz. The idea for future 
measurements would be to validate transformers, reactors and cable models as ex-
plained further in the document.  
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Table 1 Location of MV measurements performed in Burbo Bank, Horns Rev 1 and 
Nysted offshore wind farms   
  
Figure 1 Location of MV measurements performed in Nysted offshore wind farms   
 
III.  OVERVOLTAGE PROTECTION 
Transient- and temporary overvoltage studies and system protection studies, are rec-
ommended to be performed during the development of extensions of electric power sys-
tems, including the installation of offshore wind farms. The detail to which such studies 
are conducted depends on the purpose, the simulation tools and the resources available. 
The reliability of the results depends on the tools used as well as the trustworthiness of 
models and input parameters representing the components of the system. In practice, 
these studies are very time consuming and they are done at a very early stage in the de-
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sign process, where some of the components, operating conditions and protection sys-
tem are still unknown.   
DONG Energy has previously conducted overvoltage studies for the Danish offshore 
wind farms Nysted, Middelgrunden and Horns Rev 2, however in the three cases, the 
usefulness of the studies were limited by the uncertainties that had to be attributed to the 
models and therefore to the results. This problem was also demonstrated in a recent 
M.Sc. project [3] that compared two commercial simulations tools against measure-
ment, and confirmed that insufficiently accurate models, input parameters and limita-
tions of the simulation tools lead to significant uncertainties of results. 
Hence, this Industrial Ph.D. project is focused on investigating how to improve such 
studies for offshore wind farms taking into account the new and unusual conditions, 
typical for offshore wind farms, and with the specific aim to improve methods and 
models to be used for these studies. In this way, the necessary higher reliability is 
achieved regarding offshore wind farms and other large power generation units in elec-
trical power systems. 
 
IV.  TEMPORARY OVERVOLTAGE 
Temporary overvoltages in the collection grid of offshore wind farms are gaining atten-
tion from OWF owners, WT manufacturers and transmission system operators, in par-
ticular, since high overvoltages are experienced when disconnecting in the grid connec-
tion system for offshore wind farms while the WTs are operating [4].  
 
A.  Wind turbine converter 
The wind farm developers have only access to limited digital models of the WTs for 
conducting the appropriate design studies. Such dynamic WT models are based on a 
generic design of, for example, variable-speed WT employing a full-scale converter. 
Here, the WT generators are grid connected through a frequency converter system, 
which feeds the generated active and reactive power into the power grid at the power 
system frequency.  
WT manufacturers have developed dynamic simulation models of their WTs, as re-
quested by transmission system operators and wind farm developers.  And for instance 
Siemens Wind Power has published dynamic model validation results for a certified 
fault-ride through test (Low voltage ride through) [5]. The validation show good agree-
ment between the measurements and the dynamic results gained from the WT. The suc-
cessful validation gives credibility to the WT model for transient power system stability 
studies. However, there is a corresponding need for accurate and validated modelling of 
WTs in connection with overvoltages, which so far have not received nearly as much 
interest as low voltage ride through. Previous work has been done on the validation of 
emt (electro magnetic transient) models for wind turbines in PSCAD and Power Facto-
ry. Here, several transient events were measured in a 12MW wind farm with six fix 
speed wind turbines, and afterwards the wind turbine models were verified [6].  
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One of the objectives in this Ph.D. project is to develop emt models of wind turbines 
with full-scale converter, based on measurements performed in the PSO-F&U Project 
nr. 2005-1-6345 [18]. Some of these measurements are shown in Figure 2 and Figure 3. 
Here, the measured radial feeder in the three OWFs was disconnected while some of the 
WTs on the radial were connected or under production and temporary overvoltages 
were measured at the cable side of the vacuum circuit breaker of the radial. The positive 
sequence voltage and current at the cable side of the vacuum circuit breaker of the radial 
when the radial feeder is disconnected in three offshore wind farms are shown in Figure 
2 and Figure 3, respectively. 
  
Figure 2 Positive sequence voltage at the cable side of the vacuum circuit breaker of the 
radial when the radial feeder is disconnected, with some turbines connected or under 
production in three offshore wind farms 
  
Figure 3  Positive sequence current at the cable side of the vacuum circuit breaker of the 
radial when the radial feeder is disconnected, with some turbines connected or under 
production in three offshore wind farms. 
 
V.  TRANSIENT OVERVOLTAGE 
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Regarding the modelling of MV and HV equipment for insulation coordination studies, 
there is fair amount of information and guidelines available in the literature about circuit 
breakers, transformers, cables, surge arrestors etc. This however tends to be mainly the-
oretical information, and in practice, sufficiently detailed information about these com-
ponents is typically not available for accurate insulation coordination studies [7]. Fur-
thermore, commercial simulation tools tend either to have limited facilities for this type 
of studies or require very specialized training and experience. In short, the credibility of 
this type of studies relies on the quality of the models and information that the user can 
get hold of, and even then, it depends on the simulation tools and the user‘s skills. This 
creates additional concern and further work is necessary to design the collection grid of 
wind farm with the high reliability, needed for offshore wind farms. The following sec-
tions will briefly describe how it is intended to measure some components' characteris-
tics for transient overvoltage studies. 
 
A.  Wind turbine transformers 
In this Ph.D. project, the frequency dependent open and short-circuit admittance matrix 
of several wind turbine transformers have been measured using a FRAX-101 [8]; and a 
synthesized electrical network was created [9] using the vector fitting technique [10], by 
means of the open source code ―Matrix Fitting Toolbox‖ from SINETF [11]. In Figure 4 
two measured transformers and the measuring setup is shown.  
  
Figure 4 Two transformers measured and test set-up using the FRAX-101 
 
The next step after the creation of the synthesized electrical network transformer model, 
is to use this information in some emt software like PSCAD and simulate the energiza-
tion of the transformer. In order to validate these simulations as well, a high frequency 
measurement system is under development to be installed in an offshore wind turbine. 
Here the primary and secondary currents and voltages will be measured at 2.5MHz to 
validate the transformer model. The measurement layout is shown in Figure 5. 
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Figure 5 Measurement points and measured quantities for high frequency measurements 
in a wind turbine transformer 
 
B.  Vacuum circuit breakers 
Vacuum circuit breakers (VCB) are often used in offshore wind farms as primary 
switchgear components. Hence it is important to be able to accurately represent also this 
component. Recent research has shown the importance of the representation of VCBs in 
the simulations of wind farms [12] and the simulation tools currently available evidently 
do not have sufficiently accurate models for this component to replicate switching over-
voltages measured in wind farms [1].  
The different breaker properties that are generally considered, are the random nature of 
the arcing time, current chopping ability, the dielectric strength between contacts, and 
the quenching capabilities of the high frequency current at zero crossing [13]. In [14] a 
procedure to estimate the VCB parameters based on measurements has been developed 
with good accuracy. Also addressed are relevant topics regarding the magnitude and rise 
time of surges. However, such more accurate models are in practice not available for the 
commercial VCBs employed in wind farms. This therefore creates a need for develop-
ing sufficiently accurate open models for the VCBs actually used in wind farms and for 
validating them against measurements. 
During normal switching operations in offshore wind farms like a radial energization, 
differences have been found between simulations with and without detailed breaker 
models. Work has been done in [15], where transient pulse reflections could not be rep-
licated due to the simplified breaker model. In Figure 6, the measured and simulated 
phase A voltage in the last turbine from an offshore wind farm radial is presented under 
the energization operation. This shows the importance of a using a VCB model where 
the arc in the breaker can be modelled. 
Another objective of this Ph.D. project is to analyze the available measurements from 
the PSO-F&U Project nr. 2005-1-6345 [18], and estimate a range for the rate of decay 
of dielectric strength in the VCB, as well as for the time delay between poles. With the-
se ranges of decay the worst possible voltage will be found based on the normal operat-
ing conditions and extreme operating conditions.  
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Figure 6 Measured and simulated phase A voltages in A09, from 20.1 ms to 20.4 ms. 
The measured voltage (Va-m) is plotted in blue, the simulated voltage from Power Fac-
tory (Va-pf) is plotted in green and the simulated voltage from PSCAD (Va-ps) is plot-
ted in red. 
 
C.  Submarine cables 
The cables in the collection grid of offshore wind farms are solid dielectric cables with 
cross-linked polyethylene (XLPE) insulation. For transient studies the cables should be 
modelled in EMT programs that can accurately represent the frequency dependence of 
the cables. These models require certain information: the series impedance matrix Z and 
the shunt admittance matrix Y. These parameters are calculated automatically by the 
cable constants routines within some programs, using cable geometry and material 
properties as input parameters.  
Recent work has been done in [16], where a systematic approach for calculating electri-
cal per-unit-length parameters of cables based on a 2-D finite element method, was de-
veloped in the UFIELD software. The results from this new approach match very well 
the theoretical parameters, as well as the measured ones.  
Again, such models are in practice not available from the cable manufacturer and there-
fore have to be developed and validated against measurements. In this Ph.D. project the 
FRAX-101 is intended to be used to measure the frequency response of MV cables in 
the laboratory (Figure 7) and under field conditions (Figure 11). Here the approach will 
be to measure based on the available terminals of the cables.  
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Figure 7 MV cable and transformer in the lab at DTU 
  
Figure 8 Diagram of the MV cable in the lab at DTU. The cable phase terminals (A and 
B) are shown; as well as the sheath terminals (Asheath and Bsheath).  
 
As an example some preliminary results from measurements done in the laboratory, 
based on the terminals nomenclature from Figure 8, are shown in Figure 9 and Figure 
10. In Figure 9 the impedance magnitude and impedance angle from the frequency scan 
using the FRAX-101 between the cable phase terminals (A and B) and between phase 
terminal and sheath terminal of the same phase (A and terminal Asheath) are shown. 
Figure 10 shows the conductance, resistance, capacitance and inductance from the two 
previously mentioned measurements. The idea would be to fully understand the meas-
urements in the lab, and in a later stage measure submarine cables under field conditions 
and at offshore locations.   
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Figure 9 Impedance magnitude and impedance angle from frequency response meas-
urements using the FRAX-101 on the MV cable in the lab. 
  
Figure 10 Conductance, resistance, capacitance and inductance from frequency response 
measurements using the FRAX-101 on the MV cable in the lab 
  
Figure 11 MV submarine cables under field conditions from DONG Energy 
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D.  Surge arresters 
Metal oxide surge arresters (MOSA) are widely used as protective devices against 
switching and lightning overvoltages in power systems. Switching surge studies could 
be performed by representing the MOSA only with its non-linear U-I characteristic.  
However, MOSAs have dynamic characteristics and have to be modelled differently for 
low frequency, slow front, fast front and very fast front transients; as explained and dis-
cussed in [17]. Some characteristics, referred to as frequency-dependent and tempera-
ture-dependent, might be required in more sophisticated models than the simple static 
non-linear resistance.  
In practice, there are widely known procedures to select surge arresters. However it is 
also necessary to assess the stress on the components correctly. To do this, deterministic 
and statistic tools will be used in simulations together with, available and future meas-
urements. For example, a typical voltage-current curve from a MV surge arrester could 
look like shown in Figure 12. In addition to this characteristic, there might be limita-
tions of the energy capabilities, effects of aging characteristics and duration of current 
impulses, etc.    
  
Figure 12 Typical surge arrester U-I characteristic 
 
E.  Wind farm power transformers 
The approach to measure and model the wind farm power transformer, will be similar to 
the wind turbine transformer. Measure the frequency dependent admittance matrix, cre-
ate a synthesized electrical network transformer model, and measure the energization of 
the transformer in time-domain. 
Some wind farm power transformers have already been measured in the project, like the 
one shown in Figure 13. The planed measurement layout is shown in Figure 14, howev-
er there are special limitations for high-voltage and high-frequency measurement probes 
that needs to be addressed. It is important to mention that usually the wind farm power 
transformers are connected to the grid though a GIS system, either with a short over 
head connection or though a export cable. In any case, the transformer could be stressed 
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by the very fast transients emitted by the GIS system. A measurement system that could 
record such transient, therefore, would be helpful to further understand the behaviour of 
the GIS system.  
  
Figure 13 Wind farm power transformer in the production facility. Used for FRA meas-
urements. 
  
Figure 14 Measurement points and measured quantities for high frequency measure-
ments in a wind farm power transformer 
 
VI.  CONCLUSION 
Extensive work has been done regarding the modelling of transformer, cables, circuit 
breakers, surge arresters and WTs for different studies. However, not much work has 
been done so far on gathering this information and applying it to create general guide-
lines for overvoltage protection studies in offshore wind farms. This is the purpose of 
the present Industrial Ph.D. project, in order to help to develop a more reliable and ro-
bust electric network from the planning stage to the operation of the wind power plant. 
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ABSTRACT 
THIS paper presents the results from electromagnetic transient simulations using 
PSCAD, where a model of Nysted Offshore Wind Farm (NOWF) in Denmark was cre-
ated to estimate the voltage dips due to wind turbine transformer energization. 
Several wind turbine transformer energizing sequences were evaluated where different 
numbers of wind turbine transformers were being switched in simultaneously, and with 
different voltage phase angle at time of switching. Finally the influence of the sequence 
of energizing of the wind turbine transformers connected to a wind farm collection grid 
cable radial was investigated.  
Based on the simulation results, a procedure to energize the wind turbine transformers 
in a radial resulting in minimum voltage dip was suggested.  
 
I.  INTRODUCTION 
According to the British Engineering Recommendation P28 [1] , the voltage fluctuation 
at the point of connection with the grid is required to be limited to 3% during the ener-
gization of a motor. Since energization of a transformer is similar to the direct-on-line 
starting of induction motors, this recommendation is extended to wind turbines in a 
wind farm, regardless of the fact that generators in modern wind turbine are not direct-
online-connected, that wind turbine transformers are rarely energized, and that the costs 
of timed relays systems are significant. 
Therefore the voltage dips caused by short-duration in-rush currents during a transform-
er energization, is a concern for wind farms in the UK, due to the large amount of wind 
turbine (WT) step-up transformers installed. Hence it is important to analyze grid per-
formance under switching conditions during the planning stage of a wind farm, in order 
to be able to configure a wind farm with appropriate relay and switchgear solutions. 
Such analysis involves time domain simulation tools, like in this case PSCAD, and due 
to the fast transient character of switching operations, an accurate simulation model of 
transformers‘ frequency behavior is necessary. 
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The simulation models of transformers, cables and grid of NOWF used in the current 
work are based on the validated models from [2], where site measurements of three 
switching operations in NOWF were used to verify a digital model of the collection grid 
in PSCAD and Power Factory. The results from the switching operations in both pro-
grams were compared to the measurements and showed acceptable agreement. 
However, once the models are validated, the results of the simulations are still depend-
ent on variables such as the phase angle when the switching occurs or the possible re-
sidual flux in the transformer. In this study only the dependency of switching transients 
on the phase angle is considered. In NOWF residual flux is drained by a small load con-
nected at the low voltage side of the wind turbine transformers. 
In [2] guidelines on how to energize the collection grid in large wind farms were made, 
in the current work the description of these guidelines was improved.  
 
II.  NYSTED OFFSHORE WIND FARM 
The wind farm was installed in 2003 and is operated by DONG Energy who owns 80% 
of the farm, while E.ON owns 20%. It consists of 72 wind turbines (WTs) with a rated 
power of 2.3 MW each. They are arranged in a parallelogram, formed by eight radials 
with nine turbines in each.   
The WTs are connected in ―rows‖ (radials) by MV submarine cables. Each row is then 
connected to the platform by one ―root‖ cable. The three winding park transformer 
(180/90/90 MVA, 132/33/33 kV) is placed just north of the wind farm. There are eight 
rows, from A to H, where A, B, C and D are connected to one MV winding, and E, F, 
G, and H to the other MV winding of the park transformer. The wind turbine in row A 
closest to the platform is the WT A01, and the furthest is the WT A09. This is shown in 
Fig.  1. 
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Fig.  1; One-line diagram of the simplified collection grid of NOWF, used for the WT 
transformer energization sequences in radial A.  
 
The submarine cables are connected to a bus bar in the bottom of each WT. The wind 
turbine transformer (2.5 MVA, 33/0.69 kV) is connected to the bus bar via a MV switch 
disconnector-fuse. On the LV side of each transformer only a small load was included. 
The MV submarine cables connecting the WTs in the radials are 505 m long. Included 
in the models was the connection of the park transformer via a single three phase HV 
submarine cable (132 kV /10.5 km) and a land cable (132 kV /18.3 km) to the grid con-
nection point on land.  
 
III.  PREVIOUS WORK 
Some work regarding the voltage dip due to sequential energization of different number 
of transformers in wind farms has been carried out before [2], [3], [4], [5] and [6]. In 
general, this work shows that in order to accurately estimate the voltage dip is important 
to: 
• Use valid cable and transformer models.  
• Create a collection grid as close to reality as possible. 
• Include several switching angles. 
• Vary the number of transformers energized simultaneously. 
• Vary the number of transformers previously energized. 
• Simulate the entire energization procedure.  
This is reommended because these parameters affect: 
• The energization inrush current  
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• The voltage dip magnitude. 
• The voltage dip duration. 
• The sympathetic interaction between transformers 
• The amount of times transformers are stressed during the total energizing 
procedure. 
The sympathetic magnetizing inrush current occurs in an energized transformer when a 
transformer in close proximity is energized. The DC component of the inrush current 
can saturate the energized transformer, resulting in an apparent inrush current. The tran-
sient current from both transformers, provides an offset symmetrical total current that is 
very low in harmonics [7]. In offshore wind farms, the wind turbine step-up transform-
ers are installed in parallel along the cable radials, and sympathetic interaction might 
occur at neighbor transformers while switching in a transformer.  
 
IV.  MODELS 
The collection grid of NOWF considered here includes the HV land cables and HV 
submarine cables to the grid connection point on land at 132 kV, the park transformer, 
the MV submarine cables, the wind turbine transformer and a LV load in the secondary 
side of each wind turbine transformer. All models were created based on the infor-
mation available from the manufacturers. 
The transmission grid beyond the grid connection point on land was modeled as a volt-
age source with a series impedance that accounts for the short circuit capacity and 
damping of the grid. All cables were modeled as PI sections, with positive, negative and 
zero sequence resistances and reactances. The park transformer was defined by the posi-
tive sequence leakage reactance, no-load and copper losses. The LV load was a simple 
resistance connected phase to ground.  
The wind turbine transformer model was based on the positive sequence short circuit 
voltage, zero sequence short circuit voltage, no-load losses, nominal operation losses 
and no-load current. It was also included the transformer saturation characteristic; an 
important parameter for inrush phenomena in the low frequency range. In general, the 
unsaturated and saturated reactance needs to be modeled in transient conditions for dif-
ferent flux levels. In PSCAD it is possible to use a piecewise linear inductance with two 
slopes. In order to define the transformer saturation curve it is important to have the air 
core reactance, knee voltage and no-load current. 
Fig.  2 shows the comparison between measurements and simulations from PSCAD and 
Power Factory models [2]. Here the inrush current in WT A09 during one of the switch-
ing operations is shown. It is possible to see that the simulated current shape of each 
phase is very close to the measured one. The measured current in phase B and C, pre-
sents a flat top due to a measurement error. The damping in the simulated systems is 
higher than in the real one. This causes the difference after 40 ms, the reason for which 
was found in the cable model (not a PI model). Therefore the cable model used in the 
simulations presented in this report has been improved. 
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Fig.  2; Transformer energization measured and simulated currents at WT A09 from 15 
ms to 70 ms [2]. Each phase current is plotted with one colour: phase A (Ia) in blue; 
phase B (Ib) in green and phase C (Ic) in red. The measurements and results from Power 
Factory and PSCAD are plotted as ―–m‖, ―-pf‖ and ―-ps‖, respectively. 
 
V.  ENERGIZATION SEQUENCES 
Once all component models were created and the system model was validated, eight 
sequences with different time combinations between energizing groups of wind turbines 
were created to evaluate the relationship between the number of transformers simulta-
neously energized regarding the inrush current, the voltage dip and the phase angle.  In 
four sequences switching was done while phase A voltage was at zero-crossing and four 
sequences while phase A voltage was at peak value. 
 The moment of energization for each wind turbine transformer is shown in Table 1 for 
each of the 4 sequences. 
  9WTx0s  5WTx5s  2WTx2s  1WTx1s  
A01  0,1 s 5,1 s 6,1 s  8,1 s 
A02  0,1 s 5,1 s 6,1 s 7,1 s 
A03  0,1 s 5,1 s 6,1 s 6,1 s 
A04  0,1 s 5,1 s 4,1 s 5,1 s 
A05  0,1 s 0,1 s 4,1 s 3,1 s 
A06  0,1 s 0,1 s 2,1 s 3,1 s 
A07  0,1 s 0,1 s 2,1 s 2,1 s 
A08  0,1 s 0,1 s 0,1 s 1,1 s 
A09  0,1 s 0,1 s 0,1 s 0,1 s 
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Table 1; Moment of energization for each wind turbine in the four sequences switched 
in while phase A voltage was at zero-crossing and the four sequences switched in while 
phase A voltage was at peak value. 
 
From these eight simulations it was found that the smallest voltage dips, and smallest 
inrush current measured at the park transformer platform occur when the wind turbine 
transformers were switched-in independently (1WTx1s). The largest currents and lowest 
voltages in p.u. are shown in Fig.  3, for the eight energization sequences.  
  
Fig.  3; Lowest rms voltage and largest rms current at the platform in p.u., achieved 
when different numbers of wind turbine transformers are simultaneously energized. 
Voltages are plotted in blue, and currents in red. The light colours represent the se-
quences where the switching occurred at peak voltage value and dark colours show the 
sequences where the switching occurred at zero-crossing voltage. 
 
No conclusive differences were found when starting the sequence of individual trans-
former energization from A09 and proceeding towards A01 compared to when starting 
from A01 and proceeding towards A09. 
In order to recommend whether the wind turbines should be energized independently 
starting from wind turbine closest to the park transformer (A01 towards A09) or from 
the furthest (A09 towards A01), four additional simulations were done. Here the switch-
ing angle was varied again between phase A voltage at zero-crossing and phase A volt-
age at peak value.  
Fig.  4  shows the instantaneous current and voltage at the platform when individual 
wind turbines were energized starting from A01, while switched-in at zero-crossing of 
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phase A voltage at (t=100 ms). It is important to notice that phase A current (Iapl) is the 
largest since the switching occurred when the phase A voltage was at zero, and that no 
noticeable voltage dip was seen. 
  
Fig.  4; Energizing sequence, starting from A01, switching while phase A voltage is at 
zero-crossing (100 ms). Instantaneous current and voltage at platform from 90 ms to 
150 ms. Each phase current and voltage is plotted with one colour: phase A (Ia, Va) in 
blue; phase B (Ib, Vb) in green and phase C (Ic, Vc) in red.  
 
Fig.  5 presents the rms current and rms voltage at the platform when individual wind 
turbines are energized starting from A01, while switched-in at zero-crossing of phase A 
voltage. Again, it is important to notice that phase A current (Iapl) is the largest since 
the switching occurred when the phase A voltage was at zero; however the lowest volt-
age is phase B (Vbpl). It is also important to notice that a voltage unbalance occurs, not 
a symmetrical voltage decrease. This will be important later when the four sequences 
are compared. 
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Fig.  5; Energizing sequence, starting from A01, while phase A voltage is at zero-
crossing. Upper plot is rms current and lower plot is rms voltage at platform. Each 
phase current and voltage is plotted with one colour: phase A (Ia, Va) in blue; phase B 
(Ib, Vb) in green and phase C (Ic, Vc) in red. 
 
Fig.  6 presents the calculated real and reactive power at the platform and at WT A01, 
WT A08 and WT A09, when individual WTs are energized starting from A01, while 
switched-in at zero-crossing of phase A voltage. 
The energization sequence can clearly be seen, starting at A01 and finishing in A09. 
The maximum real power measured at the platform (Ppl) keeps increasing every time a 
transformer is energized. This is caused by the no load losses and copper losses in each 
transformer, as well as the cable resistive losses. Both copper losses in transformers and 
cable resistive losses are current dependent, and can be seen in the difference between 
transient and steady state real power value every time a transformer is energized.  
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Fig.  6; Energizing sequence, starting from A01, while phase A voltage is at zero-
crossing. Shown are real and reactive power at platform, and at A01, A08 and A09. The 
power is plotted with a colour, depending on the location: platform in blue; A01 in 
green, A08 in red and A09 in light blue.  
 
In Fig. 6 it is shown how the reactive power drawn from the park transformer increases 
sharply to a maximum, every time an individual WT transformer is energized, and af-
terwards decreases and approaches a stable level. 
The difference between the reactive power measured at the platform and at the energiz-
ing transformer is clear after 7,1 s when WT A08 is energized and again after 8,1 s 
when WT A09 is energized. After 7,1 s the reactive power difference between A08 
(QA08) and the platform (Qpl) is supplied by the previously energized transformers 
(A01 to A06); while after 8,1 s the reactive power difference between A09 (QA09) and 
the platform (Qpl) is supplied by the previously energized transformers (A01 to A07). 
The transformers that had just been energized in the sequence (A08 after 8,1 s) appear 
not to contribute to the total reactive power consumption at the platform. 
The reactive power from the previously energized transformers varies every time a new 
transformer is energized. For example at 1,1 s when A02 is energized, the reactive pow-
er in A01 remains unchanged until A03 is energized at 2,1 s. Afterwards, every time a 
transformer is energized, the reactive power in A01 differs from zero, reaching its rela-
tive maximum after A04 is energized. This result contradicts the sympathetic inrush 
interaction, since the reactive power in A01 was expected to change from 1,1 s to 2,1 s, 
given that the neighboring transformer A02 was energized.  
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The same differences between the reactive power at the platform and at the energizing 
transformer can be seen in Fig.  7, where individual wind turbines are energized starting 
in A09, while switched-in at zero-crossing of phase A voltage.  Again are shown the 
calculated real and reactive power at the platform and at WT A01, WT A08 and WT 
A09.  
  
Fig.  7; Energizing sequence, starting from A09, while phase A voltage is at zero-
crossing. Real and reactive power at platform, A01, A08 and A09. Each real and reac-
tive power is plotted with one colour, depending on the location: platform in blue; A01 
in green, A08 in red and A09 in light blue. 
 
In order to compare the reactive power and voltage at the platform these four sequences 
with individual transformer energization are further compared: 
• Starting from A01, switching while phase A voltage is at peak value 
• Starting from A09, switching while phase A voltage is at peak value 
• Starting from A01, switching while phase A voltage is at zero-crossing 
• Starting from A09, switching while phase A voltage is at zero-crossing 
These results are plotted in Fig.  8. Here it is possible to see that the sequences that con-
sumes highest reactive power are the ones where the energization starts in A01 (blue 
and red lines), while the sequences with the largest voltage dip are the ones with peak 
voltage switching (blue and green lines). 
 
Finally, in order to visualize the sympathetic inrush current from previously energized 
transformers, the rms phase A current and rms phase A voltages in all WTs, for the en-
tire energization sequence are plotted in Fig.  9. Only the energization sequences with 
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switching at zero voltage are presented here. It is possible to see that in the sequence 
starting from A01, the voltage at 8.1 s (last energization) decreases between A01 and 
A09. In the sequence starting in A09, the voltage is relatively constant between A01 and 
A09. 
Regarding the current, it is possible to see an increase in current from the previously 
energized transformers every time a transformer is energized. In the sequence starting 
from A01, the current from A01 to A06 after 8.1 s reaches exceeds 5 A. Something sim-
ilar happens in the sequence starting from A09. 
 
VI.  CONCLUSIONS 
Using a validated model of the wind turbine transformers and the collection grid of 
NOWF, several energization sequences connecting individual wind turbine transformers 
were simulated in PSCAD. In this way, the effect of the switching angle, number of 
simultaneously energized transformers and energizing sequence direction on voltage 
dip, current and active and reactive power was investigated. 
It was found that the smallest voltage dips, and lowest inrush current occur when the 
wind turbine transformers are switched-in independently. Specifically was compared the 
energizing sequence to connect individual wind turbine transformers between starting at 
the far end of the cable radial and starting at the end closest to the wind park transform-
er. 2 switching moments were incuded with a 0° and 90° phase angle referred to the 
phase voltage. It was found that the sequences that consumes highest reactive power are 
the ones where the energization starts with the WT closest to the platform, while the 
sequences with the largest voltage dip are the ones which switch at peak voltage.  
The results from the energization sequence simulations showed that the reactive power 
from the previously energized transformers varies every time a transformer is energized; 
and it was found that this reaction depends on the relative location of the transformers.  
This detailed study is important as it illustrates that the standard transformer models for 
low-frequency transient conditions in PSCAD, based on the available information from 
manufacturer, can be used to assess energization voltage dips of  different energizing 
sequences with respect to the the planning limits in the UK P28 Engineering Recom-
mendation [1]. However, the results cannot be generalized among wind farms because 
the results are dependent on many plant specific variables, and a voltage dip study 
therefore should be done systematically for each wind farm.  
This paper has presented such a systematic study for the NOWF, and it is an important 
finding of this study that even when the nine wind turbine transformers on a cable col-
lection radial at NOWF were energized simultaneously the voltage dip did not exceed 
2%. The lowest voltage dip of 0,26% was found in the sequences with individual trans-
former energization in zero voltage switching, independent of the energization order. 
However, even if the study has shown that voltage dips can be assessed by detailed sim-
ulation studies it remains questionable if the UK P28 Engineering Recommendation 
Voltage dip caused by the sequential energization of wind turbine transformers 
309 
planning limits [1] for voltage dips are at all relevant for wind farms given that wind 
turbine transformers are switched at worst a few times a year. 
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Fig.  8; Four energizing sequences: starting from A09 and starting from A01, switching 
while phase A voltage is at zero-crossing (index ‗z‘) and peak value (index ‗p‘). Upper 
plot shows reactive power and lower plot is the rms voltage at platform. The plot colour 
depends on the sequence: phase A voltage at peak value and energization sequence 
starting in A01 in blue; phase A voltage at and peak value and energization sequence 
starting in A09 in green; phase A voltage at zero-crossing and energization sequence 
starting in A01 in red; and phase A voltage at zero-crossing and energization sequence 
starting in A09 in light blue. The right plots are a zoom from 8.2 s to 8.5 s. 
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Fig.  9; Two energizing sequences: starting from A09 and starting from A01, switching 
while phase A voltage is at zero-crossing. Larger rms current and lower rms voltage in 
all locations for the entire energization sequence. The rms voltage and rms current in 
phase A from the sequence starting in A01 are plotted in the left column, while the rms 
voltage and rms current in phase A from the sequence starting in A09 are plotted in the 
right column. 
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Abstract-- This paper presents a comparison between GPS synchronized measurements 
of two switching operations in Nysted Offshore Wind Farm (NOWF) in Denmark, and 
results from electromagnetic transient (emt) simulations of these switching events using 
Power Factory/DIgSILENT and PSCAD/EMTDC. 
The collection grid of Nysted created in Power Factory and PSCAD was based on the 
information available from the wind farm as-built documentation. The cable model used 
in both programs was created based on the geometry and material properties of the ca-
ble. Circuit breakers and transformers were modelled by means of the comparable sim-
ple standard models in both tools. 
The results from the simulations in Power Factory and PSCAD match the measured 
steep fronted first wave, when one radial is energized in the wind farm. However, dif-
ferences were found in both simulation tools results compared with the measurements, 
in the more rounded fronted second waves.  
 
Keywords: offshore wind farms, switching operations, transient overvoltages, model-
ling, cables, transformers, circuit breakers, PSCAD, Power Factory and model valida-
tion.   
 
I.  INTRODUCTION 
THE electrical conditions present in the collection grids for large offshore wind farms 
are not like any other industrial application. The number of generators, switchgears, 
transformers and cables is remarkable. This combination of components together with 
continuously changing load conditions creates an electrical environment never assem-
bled before. 
The best way for protection design and risk assessment, is the accurate prediction of 
possible occurrences by simulation studies. For this purpose, several simulation tools 
are available to calculate steady state, dynamic and transient conditions. With respect to 
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transient overvoltages in the network commercial emt programs are available. However 
for studies with such tools to be useful, it is important to recognize the limitation and 
capabilities of these programs, since the system designer should know how reliable the 
simulation results are. 
In collection grids of large offshore wind farms, switching operations are the main 
source of transient overvoltages, unlike the overhead systems up to 400 kV, where the 
lightning transients are the main concern. Previous work has been done to simulate 
switching transients in large offshore wind farms with PSCAD [1], Power Factory [4], 
PSCAD/Power Factory [5] and EMTP-RV [7]. 
 In order to investigate switching transients in offshore wind farms, a field measurement 
campaign was conducted in Nysted Offshore Wind Farm (NOWF), where three GPS 
synchronized measuring systems were installed and used for simultaneous measurement 
at three different locations in the wind farm. The aim was to obtain accurate and syn-
chronized records of the transient voltages at selected positions in the wind farm in or-
der to study propagation and reflection effects that could be used for validation of the 
numerical simulations. 
 
II.  NYSTED OFFSHORE WIND FARM 
The wind farm was installed in 2003 and is operated by DONG Energy who owns 80% 
of the farm, while E.ON owns 20%. It consists of 72 wind turbines (WTs) with a rated 
power of 2.3 MW each. The turbines are arranged in a parallelogram, formed by eight 
rows with nine WTs each (see Fig. 1). The WTs are delivered by former Bonus, now 
Siemens Wind Power.   
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Fig. 1 Measurement locations in radial A of NOWF adopted from [2]. Three GPS syn-
chronized high frequency transient recording systems to measure three phase voltages 
and three phase currents on the cable side of the vacuum circuit breaker, first turbine 
and last turbine. 
 
The WTs are connected in ―rows‖ by 36 kV submarine cables. Each row is then con-
nected to the platform by one ―root‖ cable. The park transformer (180/90/90 MVA, 
132/33/33 kV) is placed just north of the wind farm.  Each root cable is connected to a 
MV bus bar via a vacuum circuit breaker (VCB). There are eight rows, from A to H, 
where A, B, C and D are connected to one MV winding, and E, F, G, and H to the other 
MV winding of the park transformer. 
The submarine cables are connected to an air insulated bus bar in the bottom of each 
WT. The submarine cable armour and the phase conductor shields are grounded at both 
ends. The wind turbine transformer (2.5 MVA, 33/0.69 kV) is connected via a MV 
switch disconnector-fuse. On the LV side of each transformer only a capacitor bank for 
phase compensation of the induction generator and a small load were included. 
The MV submarine cables connecting the WTs in the rows are 505 m long. The distance 
between the rows is 850 m, resulting in a corresponding difference in length of the root 
cables for the radial cables. Furthermore, included in the models was the connection of 
the park transformer via a single three phase HV sea cable (132 kV /10.5 km) and land 
cable (132 kV /18.3 km) to the grid connection point on land. 
 
III.  MEASUREMENT SYSTEM 
A novel, GPS synchronized high frequency transient recording system was developed 
by DELTA for the measurements in NOWF [2]. Three phase voltages and three phase 
currents were simultaneously sampled at 2.5 MHz in three different locations in the MV 
collection grid and synchronized via GPS. The measuring points indicated in Fig. 1 
were located at: 
• The transformer platform on the cable side of the vacuum circuit breaker 
of radial A 
• The wind turbine A01, the first turbine of radial A 
• The wind turbine A09, the last turbine of radial A 
 
The line-to-ground phase voltages are measured with capacitive voltage dividers, which 
are connected to the transient recorder through a high bandwidth amplifier developed by 
DELTA. The bandwidth (3 dB) of the total voltage measurement is 1 Hz to 10 MHz. 
From the measurements it was possible to estimate an accuracy of 20 V. 
The line currents are measured with flexible current clamps with 600 A peak current 
and bandwidth (3 dB) from 0.55 Hz to 3 MHz. 
Several switching transients were generated and recorded, but only switching operations 
closing the line breaker for radial A were investigated in this work. 
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IV.  SYSTEM MODELLING 
The collection grid of NOWF was created in Power Factory and PSCAD, based on the 
available manufacturer information of the cables, transformers and circuit breakers.  
The switching operation investigated in this work is the closing of the line breaker for 
radial A. Here, 7 km of submarine cables connecting nine wind turbine transformers 
(WTT) were energized. 
From this same switching operation two measurement cases were investigated. These 
two operations have been replicated in Power Factory and PSCAD as discussed in the 
next subsections. The two operations are basically the same, hence the models used 
were also same, except for the time (phase angle) at which the switching takes place. 
  
Fig. 2 Overview of switching operation closing the line breaker for radial A. The meas-
urement equipment location is shown in the platform, WT A01 and WT A09. The 
equipments above the circuit breaker in the platform are the energized devices and the 
equipments below the circuit breaker are the non-energized devices prior to the switch-
ing event.  
 
The network created in both simulation tools is shown in Fig. 2. Here it is possible to 
see the location of the measurement equipment at the platform, at WT number A01 and 
at WT number A09. At the LV side of each WT transformer a small load (0.37 kW) was 
connected. In WT number A01 a capacitor bank (180 kVAr) had to be included in the 
model as the measurements revealed that for unknown reasons this amount of capaci-
tance remained connected during the measurements. The equipments above the circuit 
breaker in the platform are the energized devices, and the equipments below it are the 
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non-energized devices prior to the switching event. Only row A is shown in detail, but 
the other rows B-H were in operation during the measurements. 
The cable models were created in both simulation programs, based on the available in-
formation from the manufacturer and IEEE guidelines [3]. In PSCAD the cable model 
used was the Frequency Dependant (phase) model; while in Power Factory the Cable 
System was used with Single Core Cable Type in the Cable Definition.  
It is important to mention that neither PSCAD nor Power Factory supports cable models 
where the armour surrounding the three single phase conductors with individual 
grounded sheaths could be included; hence the submarine cables in the collection grid 
were modelled as three single core cables placed relative to each other as defined by the 
physical constrains of the real cable. Additionally two important parameters were 
changed in Power Factory to improve the results: the separation between phases and the 
frequency for parameter approximation. 
 The geometrical cable parameter had to be edited in Power Factory, in order to improve 
the results. Here, some voltage coupling between the cables was found when the non 
simultaneous switching was simulated. This was solved by increasing the separation 
between single core cables horizontally to 50 cm.  
It is important to mention that a frequency for parameter approximation of 1950 Hz was 
used in the distributed cable model in Power Factory [4]. This was found to be an im-
portant parameter regarding the transient and steady state behaviour of the voltage in 
Power Factory [5].  
Since the Cable System in Power Factory is under development by DIgSILENT, limited 
information was available. According to DIgSILENT the frequency for parameter ap-
proximation is a fixed value representative of the range of frequency expected for the 
study, where a frequency of 1000 Hz may be used for switching transient studies. 
Based on a series of simulations it was found that in the Cable System, an increase in 
frequency for parameter approximation would increase the wave velocity and the max-
imum transient overvoltage. It was found as well that the steady state reactance of the 
cable system was influenced proportionally to the frequency for parameter approxima-
tion.  
The later adjustments to the cable model in Power Factory, might rise uncertainties 
about the limitations of the model, however the main aim of the current work is to com-
pare simulation tools using standard models, in order to achieve results as close to the 
measurements as possible.  
The vacuum circuit breakers (VCBs) were modelled as ideal switching devices, alt-
hough pre-strikes were measured in both switching operations. It is important to men-
tion that previous work has been done PSCAD to developed models where the random 
nature of arcing time, current chopping, dielectric strength and the quenching capability 
of the breaker has been incorporated [6]. However, further work is expected to be done 
with the creation of a validated model for the circuit breakers in future projects.  
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The nine WTT of the radial were included in both simulation tools, using standard 
transformer models. The capacitances between primary winding to ground, secondary 
winding to ground and primary to secondary windings were included based on manufac-
turer´s information. The saturation characteristic in the magnetic core was also included. 
 In both simulation tools, the collection grid of NOWF was created as close to reality as 
possible with the available information and the standard models in Power Factory and 
PSCAD. However, future projects will address the validation and further development 
of more accurate models for different MV components in the collection grid of large 
offshore wind farms. 
 
V.   SWITCHING OPERATIONS  
As mentioned before, two operations were investigated with 2 different switching times 
(i.e. phase angle at which the actual connection of the phases took place). The first 10 
ms of the voltages recorded at the platform are shown in Fig. 3 for both switching oper-
ations.  
 
  
  
Fig. 3 First 10 ms from the measured voltages in the platform for both switching opera-
tions. Each voltage is plotted with one colour: phase A (Va) in solid black; phase B 
(Vb) in solid gray and phase C (Vc) in dashed black. Upper plot: first switching opera-
tion. Lower plot: second switching operation. 
 
The upper plot in Fig. 3 is the voltage of the first switching operation measurement, 
where the plot in the bottom is the voltage of the second switching operation. It can be 
seen in the second switching operation, that the voltage reaches 40 kV and has higher 
oscillations after the switching occurred as compared to the first switching operation. In 
theory the system should be the same, only the point-in-wave has changed.  In the first 
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operation the switching occurred before the voltage of phase B (Vbpl) reached a nega-
tive peak value. In the second operation the switching occurred after the voltage of 
phase A (Vapl) reached a negative peak value. 
If the zero crossing of phase A voltage is defined as zero degrees phase angle; the first 
switching operation occurred at 5 degrees phase angle; while the second switching op-
eration occurred at 275 degrees phase angle. In the second switching operation the volt-
age of phase A (Vapl) is closer to the peak voltage when the connection is made, than in 
the first switching operation.  
This difference also had an influence on the inrush current presented in the transform-
ers; however the current measurements and simulation results of that are not within the 
scope of this paper. 
A.  Switching operation at 5° phase angle 
The voltage measured in the three locations (platform, A01, A09) for the first 10 ms are 
shown in Fig. 4. Here it can be seen that there are some transient overvoltages at the 
beginning of the waveform. These are caused by reflections in the cables that are atten-
uated during the first millisecond. It can be seen as well, that the transient due to the 
cable energizing and reflections is damped in less than 5 ms after the closing of the ra-
dial breaker. 
The voltage wave travels from the platform to the last wind turbine (A09) in 45 μs 
where the reflection doubles the voltage and the wave then returns to the platform 45 μs 
later. Given that the cable between the platform and the last wind turbine is 7 km, and it 
takes 45 μs to the voltage wave to arrive at A09, the velocity of the wave would be 157 
km/ms or 52% of the speed of light (300 km/ms) [4]. The same phenomena can be seen 
in phase A and phase C.  
It is important to remember at this stage, that the sampling of the measurement system is 
2.5 MHz, hence in 45 μs there are more than 100 samples of each signal; this shows that 
the recorded wave shapes are very accurate. 
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Fig. 4 First 10 ms from the measured voltages in the three different locations, for the 
switching operation at 5° phase angle. Each voltage is plotted with one colour: phase A 
(Va) in solid black; phase B (Vb) in solid gray and phase C (Vc) in dashed black. Upper 
plot: measured voltages at the platform. Middle plot: measured voltage at A01. Lower 
plot: measured voltage at A09. 
 
Fig. 5 shows the first millisecond of the measurements of the first switching operation. 
Here, the voltage of phase B is presented for the three measurement locations. The volt-
age at the platform is shown in solid black, the voltage at A01 in solid gray and the 
voltage at A09 in dashed black. In the lower part of the figure, the colour and line no-
menclature are the same, but the y axis shows the distance between measurement loca-
tions, and not the voltage as in the upper part.  
The lower part of Fig. 5 presents the position of the voltage wave in thin black line. At 
T1 the phase B is energized at the platform. At T2 the voltage wave arrives to A01 and 
at T3 the voltage wave reaches A09. 
It can be seen that the voltage wave is doubled at T3, since the cable ends at the trans-
former which would be seen as an open circuit for very high frequencies due to its in-
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ductance. Once the voltage wave has reached the end of the radial it bounces back to-
wards the platform, arriving to A01 at T4 and to the platform at T5.  
Three stepwise reductions of the platform voltage Vbpl can be seen at Dpl, Cpl, and Bpl 
(indicated with black solid arrows), which are caused by the voltage drop at the plat-
form bus bar due to the energization of the radial A cable. This voltage drop propagates 
as travelling waves into the three other radial cables connected to the same main trans-
former bus bar, and returns to the platform after being doubled in amplitude at the radial 
cable ends as the three steps separated in time corresponding to two times the difference 
in length of the root cables for the radial cables D, C and B. The three steps then propa-
gate into radial A and can be seen in VbA01 at WT A01.  21 μs later, they can be seen 
doubled once more in VbA09 at WT A09 at DA09, C A09, and B A09 as indicated with 
black dashed arrows in Fig. 5.  
At T5 the energization wave returns from radial A to the platform where it meets the 3 
other radial cables B, C and D and the main transformer winding connected to the bus 
bar. This causes a negative reflection wave back into the radial A cable which can be 
seen as the sharp peak in VbA01 at WT A01 at T6 and can be seen doubled in VbA09 at 
WT A09 at T7. 
  
Fig. 5 Upper plot: measured phase B voltage, in the three different locations for the 
switching operation at 5° phase angle, from 4.3 ms to 4.6 ms. The voltage at each loca-
tion is plotted with one colour: platform (Vbpl) in solid black; WT A01 (VbA01) in 
solid gray and WT A09 (VbA09) in dashed black. Lower plot: position of the phase B 
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voltage wave as seen from the platform. The same colour and line nomenclature were 
used: platform in solid black, A01 in solid gray and A09 in dashed black. 
 
From Fig. 5 it is possible to notice seven small variations (less than 2%) of the voltage 
measured at A01 between T2 and T4. These are shown with thin gray lines representing 
the voltage waves reflected at bus bars in the each wind turbine where the wind turbine 
transformer is connected to the incoming and outgoing submarine cables. It can be seen 
that when the voltage wave reaches A02, a small amount of voltage was reflected 
backwards to A01, where it was measured as small variations in the voltage.  From (1)  
the magnitude of the reflected voltage wave at a junction point can be calculated: 
 
2 1 1 1
48 50
0.02
48 50
B A
B A
Z Z
V V V V
Z Z
 
   
 
  (1) 
with ZA being the characteristic impedance of the cable and ZB being the characteristic 
impedance on the refractive side with a value of 50 || 1200 Ω = 48 Ω where 1200 Ω is 
the approximate characteristic impedance of the transformer.   
 
The following figures and explanation account for the comparison between measure-
ments and simulation results in Power Factory and PSCAD for the first switching opera-
tion. Throughout this subsection, the instantaneous value of the voltage for the meas-
urements and results from Power Factory and PSCAD are plotted as ―–m‖, ―-pf‖ and ―-
ps‖ respectively.  
The same colour and line nomenclature for instantaneous voltages for each phase were 
used as well in this subsection when possible.  
Fig. 6  shows the first milliseconds of the three phases at the platform. It can be seen 
that the overvoltages due to voltage reflections in the row are not replicated accurately 
by the models created in both software tools. Furthermore, it is possible to notice a de-
crease on the voltage of phase C in PSCAD, before this phase is energized indicating 
that in PSCAD the models used has some coupling between phases This coupling was 
not replicated in Power Factory, because the separation between single core cables was 
increased in Power Factory to fit better the results to the measurements, as explained 
before.  
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Fig. 6 Switching operation at 5° phase angle, measured and simulated voltages in the 
platform from 4.3 ms to 5.3 ms. Each phase voltage is plotted with one colour: phase A 
(Va) in solid black; phase B (Vb) in solid gray and phase C (Vc) in dashed black. The 
measurements and results from Power Factory and PSCAD are plotted as ―–m‖, ―-pf‖ 
and ―-ps‖ respectively. 
 
If only phase B (Fig. 7) is plotted and separated by location (Platform, A01 and A09), it 
is possible to see that the velocity of the wave in both simulation programs is higher 
than the measured velocity.  
This difference was treated in [5] by increasing the relative permittivity of the cables on 
both simulation tools; however the wave velocity was higher in the results than the 
measurements. After the unsatisfactory results, another approach was taken to fit better 
the results to the measurements, where the length of the cables was slightly increased.  
As mentioned at the beginning of this work, the distance between wind turbines is 505 
m, where only the horizontal length of the cable was modelled. However, in reality the 
cables connecting the wind turbines at Nysted have also a vertical length because the 
foundation´s height from the seabed to each transformer is about 15 m, plus additional 
slack cable. Hence 35 m of cable was included in each side of each submarine cable on 
both simulation tools, with the original relative permittivity calculated on the cables; 
nevertheless there were still differences between the measurements and simulation re-
sults. Further work should be done to fully understand these differences between the 
models and the measurements.  
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Fig. 7 Switching operation at 5° phase angle, measured and simulated voltage phase B 
in all locations from 4.3 ms to 5.5 ms. The measurements and results from Power Facto-
ry and PSCAD are plotted as ―–m‖, ―-pf‖ and ―-ps‖ respectively. Upper plot: voltages at 
the platform. Middle plot: voltage at A01. Lower plot: voltage at A09.  
 
In Fig. 7 the doubling effect of the voltage wave in phase B at A09, seems slightly high-
er in both simulations than in the measurements.  Furthermore, the first voltage wave at 
A09 appears more damped in the real system and PSCAD than in Power Factory. This 
will be further presented in Fig. 10 for the second switching operation. However, this 
could be due to skin effect and dielectric losses in the cable. 
The skin effect in AC conductors re-distributes the current density near the surface of 
the conductor due to the circulating eddy currents, in comparison with the core current 
density. The skin effect increases the conductor resistance depending on the content of 
higher frequencies of the current. For steep fronted pulses like the voltages measured in 
this study, it is important to acknowledge the limitations of the cable models to replicate 
the measurements.  
The measured damping in the real system could be also explained by dielectric losses in 
the cable; however in both simulation tools the relative permittivity in the cable insula-
tion was corrected and set to a constant value since none of the simulation tools can 
support the frequency dependence of this material property [3].   
From the comparison of the voltages of the first switching operation, it can be seen that 
the systems created in both simulation tools shows similarities with the measurements 
in the steep fronted first wave, with explainable differences from the cable model sim-
plifications. While the more rounded fronted second waves discrepancies, between the 
measurements and the simulations, will be treated next.  
B.  Switching operation at 275° phase angle 
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The voltages at three measurement locations are shown in Fig. 8 for the first millisecond 
after the closing of the radial breaker. It can be seen that the voltage at the platform and 
at the wind turbine A09 surpasses 40 kV several times.  The reason for this large peak is 
that the closing of the breaker took place closer to the negative peak voltage of phase A. 
Then, when it reached the last wind turbine A09, the voltage was doubled as explained 
before.  
  
Fig. 8 Switching operation at 275° phase angle, measured voltages in the three different 
locations from 20 ms to 21 ms. Each voltage is plotted with one colour: phase A (Va) in 
solid black; phase B (Vb) in solid gray and phase C (Vc) in dashed black. Upper plot: 
measured voltages at the platform. Middle plot: measured voltage at A01. Lower plot: 
measured voltage at A09. 
 
It‘s important to notice that in theory, the energization of an individual phase during a 
non simultaneous switching event, should not affect the voltage in the other phases. 
This is due to the grounded shield around each individual phase conductor within the 
cable. However, in reality there is some coupling between the phases due to the close 
geometrical arrangement of the cable. These capacitances are responsible for the small 
measured variations and decrease in voltage of phase C on the platform just before it 
gets energized, as can be seen in Fig. 9. 
 
The following figures and explanation account for the comparison between measure-
ments and simulation results in Power Factory and PSCAD for the second switching 
operation. The platform voltages from the measurements and both simulation programs 
are shown in Fig. 9. It is possible to see in the measurements for phase A (solid black) 
several overvoltages due to the reflection of the voltage wave. These overvoltages are 
also visible in phase B (solid gray) and phase C (dashed black), nonetheless these values 
are not as high in comparison with phase A. From this same figure it is possible to see, 
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that these overvoltages are not present in the results from the created models in Power 
Factory and PSCAD.  
  
Fig. 9 Switching operation at 275° phase angle, measured and simulated voltages in the 
platform from 20 ms to 21 ms. Each phase voltage is plotted with one colour: phase A 
(Va) in solid black; phase B (Vb) in solid gray and phase C (Vc) in dashed black. The 
measurements and results from Power Factory and PSCAD are plotted as ―–m‖, ―-pf‖ 
and ―-ps‖ respectively. 
 
In order to simplify the visualization of the results, Fig. 10 shows the measured and 
simulated phase A voltages and currents from 20.1 ms to 20.4 ms. The voltages in the 
three locations are shown, while only the currents in the platform were included. From 
this figure it is possible to see that there is an agreement between measurements and 
simulations for the first 90 μs of the switching operation. However, after this time the 
simulated current and voltages differs from the measurements.  
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Fig. 10 Measured and simulated phase A voltages and currents, for switching operation 
at 275° phase angle, from 20.1 ms to 20.4 ms. The measured voltage and current are 
plotted in the left column, the simulated from Power Factory in central column, and 
simulated from PSCAD in right column. The measured and simulated currents are in the 
top row, while the lower three rows presents the measured and simulated voltages. The 
measured and simulated voltages for the different locations are divided in rows: second 
row) voltages at the platform, third row) voltages at A01 and forth row) voltages at 
A09. 
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The measured and simulated currents can be seen in the top row in Fig. 10. It is possible 
to see in this figure that at 20.25 ms the measured current stops flowing in the negative  
direction, while in both simulations the current oscillates to the opposite polarity, since 
the models used as the VCBs are ideal switches. As mentioned before these ―half-wave‖ 
currents are typical from pre-strike phenomena in the VCB; hence the models used to 
represent this equipment in both simulation tools are insufficient to represent the meas-
ured switching operation. 
It is important to mention that at 20,25 ms the measurements shows that the reflected 
voltage wave arrives to the platform and doubles again.  However, this phenomenon in 
the instantaneous voltage is not clearly seen in the simulations as it coincides with an 
opposite polarity voltage wave appearing because the current through the breaker model 
oscillates to the opposite polarity i.e. not being interrupted. This difference between 
measurements and simulations is due to the simple VCB model used, which doesn‘t 
interrupt the current as the measurement show happens in the real breaker.  The authors 
believe that the difference between measurements and simulation tools after 90 μs of the 
switching is not due to the voltage reflections inaccuracies, but to insufficient details in 
the breaker model. Further work is expected to be done in this area in further work. 
From Fig. 10 it is possible to compare easily the velocity of the voltage wave, the rate of 
rise and maximum value of the transient overvoltage for the three different locations. 
From this figure several important conclusions can be made: 
• The results from both simulation tools match well the measured steep 
fronted first wave in the three locations. 
• The rounded fronted second waves measured in the three locations, due to 
the voltage reflections, were not visible in the simulations because of the simplified 
VCB model. In the breaker models the current oscillate to the opposite polarity and 
thereby causes an opposite polarity travelling voltage wave which incidentally appear at 
the same time as the voltage reflection, and therefore contradicts the reflected distorted 
wave. 
• The round corners of the steep front of the voltage wave in A01 and A09 
are only simulated in PSCAD. As explained before this is caused by the skin effect in 
the conductor.  
• The three step-wise decrease in the voltage due to the waves caused by the 
initial voltage drop of the platform bus bar returning from radial cables D, C and B are 
less damped in Power Factory than in PSCAD, due to the missing frequency dependant 
damping.  
• The behaviour of Power Factory and PSCAD after the first reflection peri-
od (90 μs) looks fairly similar in both simulation tools in all locations.  
• The wave velocity from both simulation tools is higher than measured.  
 
 
VI.  CONCLUSIONS 
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Two measured switching operations when one radial is energized in the wind farm were 
modelled by means of two numerical simulations tools. For the steep fronted first wave 
the results showed good agreement between simulations and measurements. However, 
Power Factory presented insufficient frequency dependant damping. On the other hand, 
differences were found between simulations and measurements in the more rounded 
fronted second waves. These differences were found to be due to the insufficiently de-
tailed modelling of the vacuum circuit breaker. This is important as is illustrated the 
limitations to be acknowledged when using standard models in these simulation pro-
grams while studying levels of transient overvoltages. 
Further work will be done on the analysis of the measurements, since there are some 
other interesting switching events recorded. Validated models of different electrical 
components in the collection grid of large offshore wind farms will be made.  
VII.  ACKNOWLEDGMENT 
This work is made as part of an Industrial Ph.D. project supported by the Danish Minis-
try of Science, Technology and Innovation, project number 08-041566. 
The switching transient measurements used in this study were obtained under a project 
titled ―Voltage conditions and transient phenomena in medium voltage grids of modern 
wind farms‖, contract 2005-2-6345, supported by the Danish TSO Energinet.dk. 
The authors acknowledge discussions on the topics presented in this paper with Rose 
King, from Cardiff University.The authors also acknowledge the assistance of Saeed 
Rahimi, from ABB Network Management Systems, with PSCAD. 
VIII.  REFERENCES 
[1] L. Liljestrand, A. Sannino, H. Breder, S.  Thorburn, ―Transients in collection grids 
of large offshore wind parks‖ Wind Energy vol.11 Issue 1, pp. 45-61,  July 2008 
[2] Christensen, L.S.; Ulletved, M.J.; Sørensen, P.; Sørensen, T.; Olsen, T.; Nielsen, 
H.K. ―GPS synchronized high voltage measuring system‖ in Proc. Nordic Wind 
Power Conf. Nov. 2007 
[3] B. Gustavsen, J.A. Martinez, D. Durbak, ―Parameter determination for modeling 
system transients-Part II: Insulated cables‖ IEEE Transactions on Power Delivery, 
Vol.20 Issue.3 pp. 2045-2050, July 2005 
[4] P. Sørensen, A.D. Hansen, T.Sørensen, C.S. Nielsen, H.K. Nielsen, L. Christen-
sen, M. Ulletved, ―Switching transients in wind farm grids‖ European Wind Ener-
gy Conference and Exhibition. May 2007. 
[5] I. Arana ―Modeling of Switching Transients in Nysted Offshore Wind Farm and a 
Comparison with Measurements. EMT Simulations with Power Factory and 
PSCAD‖ MSc. Dissertation. Dept. Electrical Engineering, Technical University of 
Denmark. 2007 
[6] B. Kondala Rao, G. Gopal, ―Development and application of vacuum circuit 
breaker model in electromagnetic transient simulation‖ IEEE Power India Confer-
ence. 2006 
Comparison of Measured Transient Overvoltages in the Collection Grid of Nysted Offshore Wind Farm 
with EMT Simulations 
329 
[7] R. King, N. Jenkins "Switching Transients in Large Offshore Wind" 7th Interna-
tional Workshop on Large Scale Integration of Wind Power and on Transmission 
Networks for Offshore Wind Farms, 2008 
 
Comparison of Measured Transient Overvoltages in the Collection Grid of Nysted Offshore Wind Farm 
with EMT Simulations 
330 
 
 
Energisation of Wind Turbine Transformers with an Auxiliary Generator in a Large Offshore Wind Farm 
Under Islanded Operation 
331 
 
[Pub5] Energisation of Wind Turbine Transformers with an 
Auxiliary Generator in a Large Offshore Wind Farm Under 
Islanded Operation  
 
I. Arana, A. Hernandez, G. Thumm and J. Holboell  
 
2011 
 
Journal Paper 
 
 IEEE Transactions on Power Delivery, TPWRD-00158-2011.R1 
 
Abstract-- The prospective inrush currents during the energization of wind turbine trans-
formers in a large offshore wind farm during islanded operation were estimated by time 
domain simulations covering different energizing scenarios. In this way, worst case pro-
cedures could be identified. The energization of the farm was carried out by an auxilia-
ry, diesel driven synchronous generator placed on the offshore platform. The available 
information from all the components and excitation control was implemented in 
PSCAD-EMTDC. The results from the simulations were compared with the capability 
curves and current limits of the synchronous generator. Based on the worst possible 
transformer energization scenario, an optimized procedure to reduce the loading of the 
auxiliary generator during transient conditions has been proposed based on reduced 
generator terminal voltage, AVR  parameters and reactive power compensation element 
switching at the offshore platform.  
 
Index Terms— Offshore wind farm, sympathetic interaction, inrush current, AVR con-
trol, auxiliary diesel generator, EMT simulations. 
 
I.  INTRODUCTION 
DURING emergency situations in large offshore wind farms in Germany, where the 
HVDC connection to shore or energy supply from the grid might be lost for a certain 
time, as well as during commissioning of the AC platform and wind turbines when the 
offshore network system is in islanded operation, an emergency diesel synchronous 
generator at the offshore platform substation is required to supply auxiliary power to 
many wind turbines as well as offshore platform auxiliaries. Hence, it is important to 
estimate the correct size of the synchronous generator, which is able to supply the need-
ed active and reactive power to the wind turbines under transient and steady state condi-
tions. 
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A.  Large offshore wind farms in Germany 
In Germany, a large number of offshore wind farm installations are being designed and 
commissioned. In a typical wind farm, 33kV inter-array submarine cables link together 
the wind turbines in radial strings, each with a step-up wind turbine transformer (WTT), 
and connected through submarine cables with an offshore platform substation. The off-
shore platform is normally equipped with two 155/33/33kV step up 3-winding power 
transformers. The offshore platform is then connected through high voltage AC cables 
to an offshore HVDC converter platform located some km away. 
The offshore wind farm studied here has sixteen radial strings with five wind turbines 
connected to each of the strings. However, during emergency situation, the wind farm 
would be split in two, so only forty wind turbines have been modeled here. In Figure 1, 
a simplified single line diagram of the collection grid during emergency situation is 
shown. Here it is possible to see the components connected in the offshore platform as 
well as five wind turbines (01 to 05). Each radial string has the same amount of wind 
turbines (the average separation between wind turbines is slightly above 1km), for space 
reasons only one radial is depicted in Figure 1. 
SG
33kV busbar 
CB05   WTT05    LVL05
CB04   WTT04    LVL04
CB03   WTT03    LVL03
CB02   WTT02    LVL02
CB01   WTT01    LVL01
Submarine 
cable
Offshore platform
01
02
03
04
05
Reactors
  
Figure 1. Simplified single line diagram of the collection grid during emergency situa-
tion. The offshore platform power transformers are not shown in the diagram, since dur-
ing emergency situation these components would not be connected to the collection 
grid. 
 
In the offshore substation‘s 33kV busbar, the submarine cables, reactors and the step-up 
transformer for the synchronous generator are connected. In each wind turbine a circuit 
breaker (CB), WTT, and low voltage auxiliary load (LVL) were included.  
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During emergency situation there are three different voltage levels: 0.4kV at the syn-
chronous generator, 33kV at the collection grid and 0.69kV in the wind turbines low 
voltage side.  
The total length of the 33kV submarine cables (i.e. eight radials modeled for the study) 
is 46km, resulting in a total reactive power generation of almost 3MVAr. Two reactors 
of 1.5MVAr each are planned to compensate the 33kV cable generated reactive power.  
The studies performed do not focus on possible overvoltages caused by low harmonic 
order resonances due to the weak grid and extensive use of submarine cables. Previous 
work regarding this topic has been done at [1]. The influence that different earthing ar-
rangements may have in the results was not investigated.  The procedure and results 
presented here tries to add engineering knowledge on the subject specifically for this 
application, as well as to highlight the importance of the design of the auxiliary system 
and emergency energization procedures in large offshore wind farms.   
 
B.  Inrush current 
Transformer energization can lead to large inrush currents, and depending on several 
parameters, the instantaneous current can reach several times the nominal current for a 
few seconds [2]. The main parameters affecting the results can be classified as external 
and internal to the transformer. The external parameters are the switching angle, at 
which each phase of the transformer is closed, as well as the short circuit impedance of 
the grid. The internal parameters are the electrical properties of the transformer, includ-
ing saturation characteristic of the transformer core and the residual flux prior to the 
connection of the transformer. In this paper, the influences of some of the external and 
internal factors were investigated. 
A commonly agreed worst case for obtaining maximum inrush currents is residual flux 
of +70% in one phase and zero voltage switching angle [3]. 
Standard models of Automatic Voltage Regulator (AVR) control are recommended by 
the IEEE [4], and the models created for the simulations were based on this IEEE rec-
ommendation. 
Previous work has been done on modeling and validation of stand-by diesel generators 
[5] as well as their application to energization of large transformers [6]. In [6], a study 
was performed to energize a 27MVA transformer with an 8.3MVA diesel generator. 
Here, all the available information from the system was included in the simulations and 
detailed models for the synchronous generator, generator control, transformers and 
loads were created. Only the governor control in the generator was not included, since 
the governor time constants are longer than the duration of the analyzed transients and 
also because the active power consumption during the transformer energization is low. 
In [6] the simulation results show that: 
• When energized from the diesel generator, the transformer inrush current 
is less than when energized from a stiff network. 
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• The transformer inrush current decays at higher rate with the diesel gener-
ator connected, than when energized from a stiff network. 
• The maximum inrush current drawn from the diesel generator is less than 
the generator three phase short circuit current. However, the current levels are higher 
than normal operating currents and can be associated with high electromagnetic torque 
oscillations. The high electromagnetic torque oscillations may subject the shaft to high 
torsional stresses which could lead to fatigue failure, if the transformer energization by 
means of the diesel generator is done frequently. 
 
A sympathetic interaction between transformers can occur in an already energized trans-
former when a nearby transformer is energized. The inrush current drawn by the trans-
former being energized, produces a DC voltage drop on the series impedance connect-
ing the other transformers and therefore induces saturation in the already energized 
transformers, resulting in an apparent inrush current [7]. This phenomenon is named 
sympathetic inrush current.  
Previous work has been done regarding estimation and control of transformers‘ inrush 
current [8] in offshore wind farms [9-10]. The investigation on sympathetic interaction 
between transformers in [8] found that the magnitude and duration of the inrush currents 
in a system with previously energized transformers is affected. This phenomenon was 
also analyzed in park transformers of offshore wind farms [9]. In [10], it was found that 
the worst case situation occurred when the WTT furthest to the offshore substation was 
the one to be connected at the last, rather than the closest to the offshore substation. This 
is due to the sympathetic inrush current, and points out the importance of the series im-
pedance between WTT. Worst case here is understood in relation to the voltage dip and 
the total inrush current in the radial.  
 
During emergency situations in large offshore wind farms in Germany, where the 
HVDC connection to shore can be lost for a certain period of time, an emergency diesel 
generator at the offshore platform substation would be required to supply auxiliary 
power to 40 wind turbines. Hence, it is important to estimate the correct size of the syn-
chronous generator, which is able to supply the needed active and reactive power to the 
wind turbines under transient and steady state. In many cases, the MVA rating of the 
diesel generators will be lower than the MVA rating of the wind turbine transformers. 
The reason behind this is that the auxiliary power needs of the wind turbine is low com-
pared to their rated power; however, for space and cost saving reasons, there is often not 
a lower MVA rated auxiliary wind turbine transformer. Therefore, auxiliary power 
needs of the wind turbine are provided through the main wind turbine transformer.  
As mentioned here, previous work has been done on similar topics; however, none of 
the referenced reports [8-10] covers specifically the energization of 40 WTTs under 
emergency situation in large offshore wind farms. Hence, this work aims at the estima-
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tion of the worst possible inrush current in a large offshore wind farm and the appropri-
ate selection of an auxiliary synchronous generator. 
 
II.  MODEL DEVELOPMENT 
In the simulations carried out for this paper, the WTT and collection grid are energized 
from an emergency synchronous generator. The models used were created based on the 
available information about the synchronous generator, synchronous generator control, 
submarine cables, wind turbine transformers and wind turbine loads. Typical data was 
used when supplier data could not be obtained. 
 
A.  Synchronous generator 
The 1.6MVA, 0.4kV, 50Hz generator model was created based on the following availa-
ble information from the generator manufacturer: 
• Direct axis synchronous reactance, unsaturated 
• Quadra. axis synchronous reactance, unsaturated 
• Open circuit time constant 
• Direct axis transient reactance saturated 
• Short-Circuit transient time constant 
• Direct axis subtransient reactance saturated 
• Subtransient time constant 
• Quadra. axis subtransient reactance saturated 
• Zero sequence reactance unsaturated 
• Negative sequence reactance saturated and 
• Armature time constant. 
All of this information is enough to create an accurate model of the synchronous genera-
tor for this kind of switching operations. The generator is connected to the 33kV busbar 
though a step-up transformer (1.6MVA, 33/0.4kV, Dyn); this step-up transformer was 
included in the simulations as a classical transformer model without saturation since no 
information was available at the time of the study. This is deemed sufficient since the 
aim of the study is to analyze the saturation of the wind turbine transformer, and not in 
the auxiliary generator sub-system.   
 
B.  Synchronous generator control 
The generator AVR control was created based on the available information from the 
generator manufacturer which is based on the IEEE model AC8B. The excitation con-
stants (proportional, integral and derivative) are given based on the potentiometer posi-
tion from the electronic panel in the generator, hence a middle value was used for the 
simulations. The synchronous generator AVR control is shown in Figure 2. 
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Figure 2. Synchronous generator IEEE model AC8B control. Included the PID con-
stants (KP, KI, KD, TD) as well as the brushless exciter (TE, KE, SE) with feeding DC 
rotating main exciters.  
 
C.  Submarine cables 
All the inter array cables of the offshore wind farm were modeled as three phase PI ca-
ble sections based on the available information about the positive, negative and zero 
sequence components of the cables given by the manufacturer. The average cable length 
between wind turbines is slightly above 1km. For this kind of slow transients, the PI 
equivalent is considered to be and adequate representation. 
 
D.  Wind turbine transformer 
The wind turbine transformers in the offshore wind farm are 4MVA transformers with a 
Dyn connection group. The main electrical information given by the manufacturer was: 
• Rated power 
• Rated primary voltage 
• Rated secondary voltage 
• Copper losses 
• No load losses 
• Short circuit impedance 
• Saturation characteristic 
The available information is sufficient to use the classical transformer model in PSCAD 
with an analytical function approximation to represent the saturation curve, so only the 
low frequency transients can be analyzed here. This function is programmed internally 
in PSCAD, based on the magnetizing current at rated voltage, the position of the knee-
point as well as the air core reactance. 
The residual flux in the transformer is induced with additional DC current sources con-
nected to the low voltage winding of the transformer prior to the switching operation. 
The magnitude of the DC current is chosen to establish the desired level of residual flux, 
which in this case is set to +70% in one phase, -70% and 0% in the remaining phases. 
As mentioned before this is considered a worst case scenario for energization [3].     
 
E.  Wind turbine loads 
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On the low voltage side of each WTT, an active and reactive load was included based 
on the standby consumption stated by the manufacturer (approximately 18 KVA per 
turbine). 
III.  VALIDATION OF THE INRUSH CURRENT OF THE WIND TURBINE 
TRANSFORMER 
Previous measurements were performed on a similar offshore wind turbine owned by 
DONG Energy, and the inrush currents were measured similarly to the ones presented in 
[11] with a sampling of 2.5MHz. Furthermore, some values regarding the expected first 
inrush current peak magnitude of the transformer under different residual flux condi-
tions were provided by the transformer manufacturer.  
 
A.  Measurements 
Previous measurements were performed by DONG Energy, where the inrush current of 
a 4MVA WTT was recorded during energization. In this subsection, the measurements 
were used to validate the saturation characteristic of the 4MVA transformer model. The 
transformer model used in PSCAD is the classical transformer model.  
In this simulation to validate the transformer model, the export and collection grid of an 
offshore wind farm with 4MVA wind turbine transformers was modeled with all the 
available information provided by user and manufacturers. The circuit breaker on the 
MV side of the WTT was modeled with an ideal three-pole mechanism. The comparison 
between the measured and simulated currents at the terminal of the WTT during the 
switching operation is shown in Figure 3.  
The difference in the current at the WTT terminals around 0.07s of the energization of 
the transformer is due to the prestrike in the VCB energizing the transformer. As men-
tioned before, the breaker used in the simulations is ideal; hence this phenomenon can-
not be replicated. The root mean square deviation between the measurements and the 
simulations, from 0 to 0.2s, for each phase current in the terminals of the WTT are 
0.01kA in phase A, 0.02kA in phase B and 0.02kA in phase C. 
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Figure 3. Measurements and simulation of the inrush current of a 4MVA transformer. 
The measured and simulated phase A current (Ia) is shown in the top figure, the middle 
figure shows the phase B current (Ib), and the bottom figure shows the phase C current 
(Ic). The measured currents (-m) is shown in black color while the simulated currents (-
s) are shown in dashed gray color. 
 
B.  Comparison with data from manufacturer 
Some values regarding the expected first peak inrush current magnitude of the trans-
former at zero voltage crossing with and without residual flux were provided by the 
transformer manufacturer. These values were compared against the validated model 
with an error showing only small discrepancies. Hence, the results from the model have 
good confidence. 
 
IV.  SIMULATIONS AND RESULTS 
Four study cases were simulated in order to assess how the auxiliary generator current 
and voltage stresses are affected by the residual flux in the transformer, the amount of 
wind turbine transformers already connected and the sympathetic inrush currents. All 
the results shown here are based on the data output from PSCAD, and no modification 
has been performed for most of the instantaneous values. However, due to the calcula-
tion method of the active and reactive power in PSCAD during inrush current transients, 
high oscillations within a cycle appeared. This was solved by applying an average of the 
active and reactive power values for each cycle.  
In case 1, only the furthest transformer from the platform in a string is energized. Here 
the other transformers in the collection grid are disconnected, but the reactors and cables 
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in the collection grid are switched in. The transformer to be energized had no residual 
flux. 
Case 2 is similar to case 1; however, the worst case residual flux of 70% was imple-
mented on the WTT to be energized. 
In case 3, only the furthest transformer from the platform in a string is energized. Here 
all the other transformers, reactors and cables in the collection grid are already connect-
ed. The worst residual flux of 70% was implemented on the WTT to be energized. 
In case 4, only the furthest transformer from the platform in a string is energized. Here, 
all the other transformers, reactors and cables in the collection grid are already connect-
ed. The worst residual flux of 70% was implemented on the WTT to be energized. The 
saturation on the transformers connected prior to the switching operation has been disa-
bled. 
 
The generator phase A rms terminal voltage for all cases is shown in Figure 4; phase A 
has been chosen for comparison since the largest voltage drop appears in this phase. 
Further in the document, the generator rms terminal current for case 3 is shown, and the 
unbalanced currents can be clearly seen .The voltage recovery in each phase is different 
since the inrush current is not symmetrical. The rms voltage includes all the harmonic 
components of the voltage waveform.  
The generator reactive power produced for all cases is shown in Figure 5. In these two 
figures, the comparison between the different cases will reveal the influence of the re-
sidual flux, the influence of the elements connected prior to the switching operation and 
the symphatetic interaction. 
The results from case 1 and 2 show that the residual flux has a large influence on the 
voltage drop (See Figure 4) in the generator and on the inrush current in the transform-
ers. However, the steady state values were reached almost at the same time. 
The elements connected prior to the switching operation in the collection grid have a 
large influence on the transient and steady state conditions. During the initial conditions 
of case 1 and case 2, the reactive power of the generator is very close to zero (See Fig-
ure 5), due to the compensation of reactive power between cables and reactors. Howev-
er, in the case 3 and 4, the generator is highly loaded at the beginning of the simulation. 
This is because the both reactors are connected, and all wind turbines except one are 
supplied with auxiliary power which has a considerable inductive part. The situation 
would improve if one of the 1.5MVAr reactors would be disconnected in order to re-
duce the MVAr loading of the generator. This highlights the importance of creating de-
tailed emergency energization procedures and is later discussed in Section VI.   
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Figure 4. Generator phase A rms terminal voltage from 1 to 5s from all cases. The simu-
lated generator voltage from case 1 (SC-1) is shown in solid black color, the voltage 
from case 2 (SC-2) in dotted black color, the voltage from the case 3 (SC-3) in solid 
gray and the voltage from case 4 (SC) in dotted gray color.  
  
Figure 5. Generator reactive power from 1 to 5s from all cases. The simulated reactive 
power from case 1 (SC-1) is shown in solid black color, the reactive power from case 2 
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(SC-2) in dotted black color, the reactive power from case 3 (SC-3) in solid gray and the 
reactive power from case 4 (SC) in dotted gray color. 
 
In Figure 4, the voltage drop during the first second after the energization of the WTT 
can be seen. The minimum value of 0.29kV is reached by the case 3. In this same case 
at 2.7s the voltage recovers its initial level and then overshoots to 0.42kV at 3.3s due to 
the AVR control parameters.  
Figure 5 shows the generator reactive power for all the cases. It can be seen that in case 
3, the reactive power in the generator reaches 2.25MVAr at 2.3s and then 2.6MVAr at 
2.7s.  
After energization of WTT 05, the DC component of the voltage at the 33kV busbar in 
case 3 induces saturation in the already energized transformers, resulting in additional 
sympathetic inrush current. 
The sympathetic inrush current in the case 3 from the previously energized transformers 
is shown in Figure 6. Here it is possible to see a current increase at 2.3s in the WTT 01 
to 04, shortly after the energization from WTT 05. These sympathetic currents reach a 
maximum level at 2.7s which causes the second MVAr peak seen in Figure 5. The sym-
pathetic inrush currents seen in Figure 6 reach a peak value at 2.7s thanks to the voltage 
recovery (See Figure 4), which increases the flux value reached in the magnetization 
characteristic of the wind turbine transformers. Figure 6 only shows the sympathetic 
inrush currents in one string; however this behavior is also seen in the remaining 7 
strings (i.e. 35 wind turbine transformers). 
It can be concluded that in case 3, the first MVAr demand peak is due to the inrush cur-
rent during the switching operation, and the second MVAr demand peak is due to the 
sympathetic inrush current combined with the voltage recovery action of the AVR from 
the auxiliary generator. 
As mentioned before, the AVR constants are middle value, based on the potentiometer 
position. The effect of these constants is discussed later in Section V. 
It was found that the worst possible transformer energization stresses could be found in 
case 3. Therefore, only results from this case are shown below.  
Energisation of Wind Turbine Transformers with an Auxiliary Generator in a Large Offshore Wind Farm 
Under Islanded Operation 
342 
  
Figure 6. Different wind turbine transformers terminal phase A current (Ia) in the MV 
side from 1 to 5s from case 3. The simulated phase A current in wind turbine 01, 02, 03 
and 04 are shown in different gray color scales, while the current in wind turbine 05 is 
shown in black. 
 
Figure 7 shows the WTT inrush current for the case 3; here it can be seen that the first 
peak reaches 0.26kA, more than 2.5 times the rated peak current of the transformer. 
This value is lower than the measured one showed in Figure 3. This is due to the weak 
grid when the system is supplied with the auxiliary generator as compared to the situa-
tion when the system is connected to a strong high voltage grid. 
Figure 8 shows the generator terminal current at 400V for the case 3; here it can be seen 
that the phase A current reaches -16.4kA (5.12p.u.) for the first cycle and around 
13.3kA (4.15p.u.) for the second cycle after the switching operation. These values are 
considerable, taking into account that the rated current has a peak of 3.2kA, as stated by 
the generator manufacturer. 
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Figure 7. Wind turbine transformer terminal current (It) in the MV side from 2.17 to 
2.23s from case 3. The simulated phase A current (-a) is shown in solid black color, the 
phase B current (-b) in dotted black color and the phase C current (-c) in solid gray col-
or. 
  
Figure 8. Generator terminal current (Ig) from 2.17 to 2.23s from case 3. The simulated 
phase A current (-a) is shown in solid black color, the phase B current (-b) in dashed 
black color and the phase C current (-c) in solid gray color.  
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Figure 9 shows the generator rms terminal current for case 3. Here it can be seen that 
the current reaches up to 8kA (3.4p.u.) for the first cycles and around 4kA (1.7p.u.) for 
less than a second after the switching operation. It reaches the final steady state after 
4.5s. The maximum simulated current of 8kA is several times the rated current of the 
generator. However, for this specific generator, the current would have to exceed 18kA 
and last more than two seconds to exceed the heat damage curve. 
 
Figure 10 shows the generator and WTT 05 reactive and active power for case 3; here it 
can be seen that the reactive power in the generator reaches 2.25MVAr at 2.3s and then 
2.6MVAr at 2.7s.While in the WTT 05 only the first MVAr peak is visible. If the reac-
tive power from the WTT 05 is compared against the reactive power from the generator, 
it can be seen that from 3 to 5s, there is a constant difference between the generator and 
the transformer, due to the reactive consumption in the rest of the grid. However, this 
difference increases between 2.5 and 3s, due to the combined effect of the sympathetic 
current and AVR control that causes saturation in the already connected transformers, as 
explained before. 
 
 Figure 9. Generator rms terminal current (Ig) from 1 to 5s from case 3. The simulated 
phase A current (-a) is shown in solid black color, the phase B current (-b) in dashed 
black color and the phase C current (-c) in solid gray color. 
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Figure 10. Active and reactive power in the wind turbine transformer and generator ter-
minals from 1 to 5s from case 3. The simulated reactive power from the generator (Qg) 
is shown in solid black color, the reactive power from the transformer (Qt) in dotted 
black color, the generator active power (Pg) in dotted gray and the active power from 
the transformer (Pt) in solid gray color. 
 
V.  AVR CONSTANTS EFFECT 
During transient conditions of the case 3, the current, and reactive power required from 
the auxiliary generator exceeds its rated values. In order to evaluate the influence of the 
AVR control, one additional simulation was performed where the potentiometer posi-
tion was varied. In the case 5, the constants used in the AVR were based on the potenti-
ometer position 0, this effectively changes the AVR speed of response. The properties 
of all the other simulated components in the collection grid are set as in the case 3. The 
results are shown in Figure 11, 12 and 13. 
If the AVR control is set to the fastest response (potentiometer position 0) as in case 5, 
the voltage reaches steady state at around 3.7s (See Figure 11). In this case, there are 
two voltage overshoots; the first one at 2.4s with a value of 0.42kV, and the second one 
at 2.9s with a value of 0.417kV.   
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Figure 11. Generator phase A rms terminal voltage from 1 to 5s from different cases. 
The simulated generator voltage from case 3 (SC-3) is shown in solid black color, the 
voltage from case 5 (SC-5) in dotted black color and the voltage from the case 6 (SC-3) 
in solid gray color. 
  
Figure 12. Generator reactive power from 1 to 5s from different cases. The simulated 
reactive power from case 3 (SC-3) is shown in solid black color, the voltage from case 5 
(SC-5) in dotted black color and the voltage from the case 6 (SC-3) in solid gray color. 
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In the case 5, there are three MVAr peaks. The first MVAr peak is 2.25MVAr at 2.3s, 
the second is 4.2MVAr at 2.4s, and finally the third one is 3MVAr at 2.8s (See Figure 
12).  
This additional case shows the AVR constants effect on the second MVAr demand 
peak. Figure 13 shows that if the AVR control is too fast, the voltage recovers very 
quickly and therefore the transformers go deeper into saturation drawing higher sympa-
thetic currents compared with case 3 (See Figure 6). The higher sympathetic currents 
are due to the higher flux values reached in the magnetization characteristic of the WTT 
thanks to the fast voltage recovery actions of the AVR.  As a result the second MVAr 
peak is much higher in case 5.  
  
Figure 13. Different wind turbine transformers terminal phase A current (Ia) in the MV 
side from 1 to 5s from case 5. The simulated phase A current in wind turbine 01, 02, 03 
and 04 are shown in different gray color scales, while the current in wind turbine 05 is 
shown in black. 
 
VI.  OPTIMIZED PROCEDURE 
During transient conditions of the case 3, the current, and reactive power required from 
the auxiliary generator exceeds its rated values. Hence, an optimized procedure to re-
duce the loading generator has been simulated with different generator reference volt-
age, AVR constants and reactive compensation in the offshore substation. Here the ref-
erence voltage at the exciter is reduced to 0.9p.u. The AVR constants were set to the 
values based on the potentiometer position 5 and one of the 1.5MVAr reactors in the 
33kV busbar was disconnected. 
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By applying these changes in the optimized procedure, the saturation in the transformers 
would be reduced and the loading of the generator reduced. These changes represent 
simple engineering solutions possible to realize during islanded operation.   
The reactive power compensation in the 33kV busbar, is not a standard solution in all 
offshore wind farms and should be analyzed case by case. Other technologies could be 
used in the future like variable reactors or even SVCs. 
Figure 14 shows the generator steady state capability curve as well as the active and 
reactive power in the generator at different stages for case 3 and the optimized proce-
dure. This capability curve (solid black line) includes the active and reactive power 
limitation under different loading and excitation conditions, guaranteed by the manufac-
turer. It is possible to see for both simulations the initial stage (black circle) before the 
switching operation, the transient period after the switching operation (dotted gray line) 
and the final steady state (gray circle). 
It can clearly be seen that in the optimized procedure the loading of the generator does 
not exceed the capability curve at any moment. In general, the reference voltage and 
AVR constants decreased the total current during the transient conditions, and the max-
imum variation of the reactive power was reduced from 1.85MVAr to 1.25MVAr; while 
the reactive power compensation in the substation, moved the initial operating condition 
from 0.9MVAr to -0.75MVAr.    
  
Figure 14. Capability curve, active and reactive power in the generator at different stag-
es from case 3 and the optimized procedure. The capability curve of the generator (Gen) 
is shown in solid black color, the initial steady state at 2s (Initial) is shown with a black 
circle and the final steady state (Final) at 5s is shown in a gray circle. The transient pe-
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riod between 2s and 5s (Transient) is shown in dotted black color for the optimized pro-
cedure, and in dotted gray color for the case 3. 
 
VII.  CONCLUSIONS AND DISCUSSION 
Several simulations were performed to calculate the prospective inrush current during 
the energization of a wind turbine transformer in a large offshore wind power plant dur-
ing emergency situations, when supplied by an auxiliary synchronous generator at the 
offshore substation.  
It is shown that the worst possible switching operation in terms of generator volt-
age/current stresses occurs when the last wind turbine transformer furthest away from 
the platform in the collection grid is energized with residual flux, with all the reactive 
compensation elements connected in the offshore substation and unity reference voltage 
in the generator. The generator rms and instantaneous currents are several times higher 
the rated generator currents; nevertheless, in this particular wind farm, the currents 
caused by the inrush current and saturation currents from the transformers connected 
prior to the switching operation, are below and last shorter time than the damage curves 
of the generator. These investigations should be evaluated case by case when planning a 
wind farm. 
The simulations show that in the worst possible switching operation the active and reac-
tive power in the generator only exceeds the capability curve during the transient period 
of the transformer energization.  
In practice, the loading of the generator could be decreased considerably if the generator 
reference voltage, AVR constants and reactive compensation elements in the offshore 
substation were reconsidered. An optimized procedure was further simulated where the 
above mentioned aspects were adjusted.  
By reducing the AVR reference voltage prior to the energization of a WTT to 0.9pu, the 
maximum core flux values reached in the transformer being energized are effectively 
reduced, which causes a reduction of the inrush current drawn by this transformer. A 
reduction of the inrush current of the energized transformer also reduces the DC com-
ponent of such current and with it the DC voltage drop component in the series imped-
ance connecting the other already energized transformers. By reducing the DC voltage 
component seen by the already energized transformers as well as reducing the funda-
mental frequency voltage values (thanks to the lower AVR reference) the sympathetic 
inrush currents drawn by the already energized transformers are reduced and with it the 
current stresses in the generator.    
A different strategy to completely eliminate inrush currents and mechanical stresses on 
the generator set is to switch in all the cables, reactors and wind turbine transformers in 
the collection grid and then energize the system using a voltage ramp from the auxiliary 
generator. These simulations have not been shown in this paper due to its simplicity, 
since it would only represent the standard initialization of the synchronous generator in 
PSCAD. Furthermore, the procedure presented in this study, applies to the unforeseen 
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scenario of an unplanned wind turbine tripping after the entire wind farm is energized 
and stable; when looking to re-energize the tripped turbine the worst possible switching 
operation could emerge (case 3). 
This emergency energization procedure is of course not common, and it will be used in 
case of HVDC converter outage. However, it is necessary that the diesel generator is 
able to cope with the calculated stresses without negative effects on its lifetime, and 
without tripping, due to over current, under voltage or over voltage protection. 
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ABSTRACT 
In a typical power plant, the production scenario and the short-circuit time were found 
for the worst asymmetrical short-circuit current. Then, a sensitivity analysis on the miss-
ing generator values was realized in order to minimize the uncertainty of the results. 
Afterward the worst asymmetrical short-circuit current was analyzed in order to com-
pare the results with the allowable DC current component based in the IEC. Finally the 
normal operating condition for the power plant was modeled. 
 
Index Terms 
IEC, synchronous generators, armature DC component time constant for three-phase 
short-circuits, first zero-axis crossing 
 
1. POWER PLANT 
A digital model of a Power Plant was created in Power Factory/DigSILENT, based on 
typical information. Power Factory/DigSILENT is a Windows´ based simulation tool, 
with special functions for electromagnetic transient (EMT) simulations.  
The information from: 
• the 132 kV grid 
• HV cable connecting the 132 kV grid 
• step-up transformers (75MVA 142/11kV)   
• cable connecting the step-up transformer 
• cable connecting 20 MVA generator 
• 20 MVA generator 
• cable connecting 9 MVA generator 
• 9 MVA generator 
were entered into the model in Power Factory. However, missing values in several 
components were set to generic values based on DONG Energy experience. 
The Power plant grid under normal operating conditions can be seen in Fig. 1. The 
power plant is connected to a 132kV grid through a HV cable. Below the HV busbar 
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two step-up 75MVA transformers are connected, each though a  cable connecting the 
step-up transformers to a MV busbar. Then, connected to each MV busbar the 9 MVA 
and 20MVA generators are connected though cables. There are three generators con-
nected to each MV busbar. However in the simulations only three 20MVA generators 
are connected in the MV busbar 1 and one 9MVA generator in the MV busbar 2. In all 
simulations the three-phase short-circuit to ground was simulated in the MV terminal of 
the 75MVA transformer.   
  
Fig. 1 Power plant single line diagram. Power flow for full power production with unity 
power factor.  
 
2. WORST ASYMMETRICAL SHORT-CIRCUIT CURRENT 
The maximum DC component of the short-circuit current as shown in figure 1 and 2 in 
[1], may be calculated with sufficient accuracy by equation: 
Tat
cd
XftR
kcd eieIi
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where 
(1) 
 
''
kI  
is the initial symmetrical short-circuit current; 
f
 
is the nominal frequency; 
t  is the time; 
RX /  is the ratio between the imaginary and real part of the equivalent im-
pedance of the system as seen from the short-circuit location; 
Ta  is the armature DC component time constant for three-phase short-
circuits. 
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The phenomenon of DC short-circuit current components was explained by [2]. For 
three-phase short-circuit current on synchronous machine terminals, it was clarified 
that: 
To avoid discontinuity, initial DC component will appear in each faulted phase in the 
case of a short-circuit occurrence. 
The initial DC component in each phase will be equal to the instantaneous value of the 
current of that particular phase at the moment of a short-circuit occurrence, but with an 
opposite sign. 
The DC component will decay to zero in all three phases and their rate of decay will be 
similar in all three phases regardless of the initial DC component value.  
Since typical X/R rations for ―far-from-generator‖ faults in typical distribution systems 
may be in the order to 15, the corresponding time constant will be 45 to 50ms for 50Hz 
system. On the other hand, a mid-size generator system may have a X/R ratio in the 
order of 80, which yields a 255ms time constant in a 50Hz system; and if the fault is 
located close to the generator terminals this is called a ―near-to-generator‖ short-circuit. 
Fig. 2 shows the corresponding DC component decay for cases where X/R equals 125, 
80, 55, 48 and 15 based on (1). It should be noted that at a time equivalent to 60ms after 
the initial moment of the fault occurrence, the DC current component will decay to ap-
proximately 30% of its initial value for the system with X/R=15. The DC component 
will decay to approximately 70% for a system with X/R=55 and to about 85% for the 
system with X/R=125. These noticeable differences in DC components‘ decay should 
be taken into account when selecting the circuit breaker. 
  
Fig. 2 Effects of X/R ratio on DC component decay (50Hz systems) 
 
During a ―near-to-generator‖ short-circuit, there is a possibility of the first zero-axis 
crossing occurring several periods after the short-circuit occurred [1]. Hence, it is neces-
sary to describe the short-circuit current as a function of time when determining the 
moment of the first zero-axis crossing. Unfortunately, [1] does not provide guidance for 
this phenomenon. 
 
It is possible to determine the fist zero-axis crossing of a synchronous generator short-
circuit current by using 
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)(ti
 
short-circuit current; 
E  rms phase voltage at generator terminals; 
t  time; 
dX ''  d-axis subtransient reactance; 
dX '  d-axis transient reactance; 
Xd  d-axis synchronous reactance; 
dT ''  d-axis subtransient time constant; 
dT '  d-axis transient time constant; 
Ta  armature time constant 
  angular frequency 
  
The calculation using (2) can easily be performed on a computer spreadsheet and does 
not require network analysis software. The external reactance, such as a transformer or 
reactor, can be incorporated into a modified version of this equation which adjusts both 
the reactances and time constants [3]. 
 
It is important to remember that standards for power systems and equipment such as [1] 
and [4] specify requirements and testing of equipment based on normal configurations 
that represents about 90% of the applications in the industrial and public distribution 
sectors. Some of this application guides are designed for front-end engineering phase, 
where it is necessary to examine various possible solutions involving different voltage 
levels, short-circuit currents, etc. This must be done using available manufacturers‘ data 
based on IEC/IEEE standards [2]. For applications not described by these standards, 
such as the current report, a method based on EMT simulations should be used in order 
to determine the worst asymmetrical short-circuit current. 
Previous work has been done where the IEC and IEEE standards have been compared 
against EMT simulations [5]. First a comprehensive survey of uncertainties regarding 
the arc fault resistance, circuit breaker arc resistance, asymmetrical short-circuit current 
and first zero-axis crossing were examined. Then a system was analyzed using the IEC, 
ANSI/IEEE and EMT simulations, where the asymmetry factor for a generator with 
Ta=0.33s using IEC was 112%, 135% using ANSI/IEEE and 131% using EMT simula-
tions. Afterwards the effect of the generator power factor before the short-circuit was 
simulated, and the asymmetry factor was further increased to 142% with the generator 
lightly loaded and 0.29 leading power factor. 
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3. SIMULATIONS 
In order to take into account the operating condition of the power plant, two study sce-
narios were defined: the full load and no load scenario. In the full load scenario, four 
generators were connected, but only three of them 100% loaded and the remaining one 
with only 60%. In the no load scenario, only one generator was connected at 30% load.  
Three production levels were also defined for both scenarios where the power factor 
was varied from 0.9 lagging unity, and 0.9 leading. 
In both scenarios with all production levels, eleven different times of the short-circuit 
were varied in order to find the worst short-circuit angle. 
 
3.1. Full load scenario 
In this scenario, the four generators are connected, but only three of them 100% loaded 
and the remaining one with only 60%. 
Fig. 3 presents the currents for the full load scenario with leading power factor. It is 
possible to see that the current crosses zero value right after the short-circuit happens, 
even with the initial DC current, in all the times of short-circuit. The closest current not 
to cross zero after the short-circuit occurs is the phase B current in the generator G2 
when the short-circuit appears at 20ms (red line in all curves). It is important to remem-
ber that this generator is only 60% loaded.  
The rest of the simulations for the full load scenario with lagging and unity power factor 
were not presented because all current crossed the zero axis after the short-circuit oc-
curs. 
 
3.2. No load scenario 
 In this scenario only one generator is connected with 30% load. The worst short-circuit 
time was found with the lagging, leading and unity power factor.  
In the lagging power factor, the closest current not to cross zero after the short-circuit 
occurs is the phase B current in the generator when the short-circuit appears at 20ms. 
The maximum instantaneous current is 1.6kA and is very dependent on the phase angle 
when the short-circuit occurs. 
In the unity power factor, the phase A current does not cross zero the first cycle when 
the short-circuit happens at 23 and 24ms; phase B current does not cross zero the first 
cycle when the short-circuit happens at 20 and 21ms; and finally phase C current does 
not cross zero the first cycle when the short-circuit happens at 26 and 27ms. The maxi-
mum instantaneous current is 1.4kA and is very dependent on the phase angle when the 
short-circuit occurs. 
In the leading power factor, the phase currents does not always cross zero right after the 
short-circuit happens, depending on the short-circuit time. The maximum instantaneous 
current is only 1.25kA, which corresponds to a time of the firs zero crossing of 400ms. 
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The maximum asymmetry short-circuit current from the generator was found to be in 
the no load scenario where the generator consumes reactive power (leading power fac-
tor).  
Fig. 4 shows the comparison of the highest current asymmetry for no load (left plot) and 
full load (right plot) scenarios; for leading, lagging and unity power factor. Here it is 
possible to see that the initial conditions, the power factor and the loading are really 
important for this kind of study. 
 
3.3.  Sensitivity analysis 
Once the worst scenario with the short-circuit angle was found, a sensitivity analysis on 
the uncertain values was realized. Here the X/R grid ratio, generator inertia, stator leak-
age reactance, stator resistance, mechanical damping, generator saturation, excitation 
control and capacitances in the generator and the transformer were varied. 
First the X/R ratio from the grid was varied without mayor changes in the short-circuit 
current contribution from the generator. 
Then the inertia of the generator was decreased, and this caused acceleration on the ma-
chine and an angle shift in the current during the short-circuit duration; however, the 
current amplitude, initial asymmetrical component and asymmetrical decay remained 
unchanged. 
The stator leakage reactance were increased and decreased from the standard values, 
and small variations were presented, however, no major changes were achieved. 
When the stator resistance was increased two times and ten times with respect to the 
generator data, the asymmetrical decay increased proportionally to the resistance. How-
ever, it should be mentioned that this value is normally available from the generator 
datasheet. 
The mechanical damping from the generator was increased two and ten times with no 
significant change in the short-circuit current. 
The generator main flux saturation was defined based on the open circuit test of a 
35MVA 0.85PF 10.5kV 50Hz 1500rpm generator, in order to show a more realistic ma-
chine. However, the generator short-circuit current did not presented any significant 
variation. 
In order to account for the excitation of the generator, the excitation voltage was set 
from an initial value of 0.8p.u. to 0p.u. and 1.2p.u., after the short-circuit occurred. This 
variation had an effect on the amplitude of the generator short-circuit current, where the 
highest amplitude was presented when the excitation voltage was increased to 1.2p.u. 
during the short-circuit, and this caused the current to cross zero at 300ms, instead of 
400ms at the base case. When the excitation voltage was decrease to 0p.u., the current 
amplitude decreased and the first zero crossing time was longer than 500ms. Hence, in 
reality where the AVR and excitation system is supposed to increase excitation voltage 
during faults, positive effect should be expected. A more detailed investigation using 
AVR dynamic model has not been made 
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The capacitors in the transformer and generator were included in the no load scenario 
with leading power factor, in order to find the short-circuit current dependence in these 
values. The capacitances did not show any important effect on the generator short-
circuit contribution. 
 
  
Fig. 3 Simulated currents for a three phase short-circuit by 1ms time sweep for 10ms, 
full load scenario with leading power factor. The phase A currents are plotted in the left 
column, the phase B currents in central column and phase C currents in right column. 
The currents from the G2 generator are in the top row, while the mid row presents the 
current from the G5 generator and the lower row the MV transformer circuit breaker 
current. The different curves in each plot refers to 11 times of short-circuit, from 20ms 
to 30ms. 
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Fig. 4 Comparison of highest current asymmetry for no load (left plot) and full load 
(right plot) scenario; for leading, lagging and unity power factor. 
  
3.4. Worst asymmetrical short-circuit current   
Once the worst asymmetrical short-circuit current has been found to appear in the no 
load scenario with leading power factor, and the uncertain parameters in the generator 
have been confirmed; the analysis of the current in order to calculate the DC component 
as a specific ratio of the breaking current can be done. 
From the instantaneous current the r.m.s. current, DC current and current amplitude can 
be calculated. Then based on the IEC definition with a breaking current at 80ms, for 
60ms delay between the short-circuit and the contact separation, taking into account that 
the short-circuit occurred at 20ms. The decay of the DC contents is shown in Fig. 5. A 
maximum of 160% DC component was found. 
  
Fig. 5 DC component as a specific ratio of the breaking current, from the worst asym-
metrical short-circuit current. 
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3.5. Normal Operating condition 
Finally the normal operating condition for the Power Plant was modeled with three gen-
erators 80% load and 0.8 lagging power factor. From the instantaneous short-circuit 
current contribution from each generator, the r.m.s. currents, DC current and current 
amplitude can be calculated. It was found a maximum of 45% DC component. 
 
4. CONCLUSIONS 
Several simulations were performed in the digital model of a typical power plant under 
different operating condition, production levels and short-circuit times. Then, a sensitiv-
ity analysis on some missing parameters was also performed in order to account for un-
certainties. Finally, it was found that the no load scenario with leading power factor and 
short-circuit time at 20ms would yield the worst asymmetrical short-circuit current. 
Here, a maximum of 160% DC component was found. 
For the normal operating condition with three generators at 80% load and 0.8 lagging 
power factor and short-circuit time of 20ms, only a maximum of 45% DC component 
was reach. 
 
5. DISCUSSION 
The procedure to find the worst asymmetrical short-circuit current in a typical power 
plant was shown. This information could be used to select appropriate equipment, spe-
cifically generator circuit breakers. However, this comprehensive procedure is based on 
well known models of synchronous generators, industrial experience and accepted 
standards and recommendations; information not yet developed for the design offshore 
wind power plants.  
Offshore wind power plants are based on extensive MV submarine cable collection 
networks connecting tens to hundreds of usually identical WTs placed in regular pat-
terns with certain interspacing and connected to a transformer station which in large 
wind farms is usually also placed offshore at which the voltage is raised to high voltage 
for transmission via a submarine export cable to a connection point in the public power 
system on land. Such arrangements are unusual as compared to a typical expansion of a 
power system in several ways such as: the lateral sizes of the systems, the large number 
of identical sub systems: generators, power converters, transformers, and switchgears in 
the WTs and collection network cable network; and also unusual compared to other 
power system´s operating conditions and environmental constrains. 
Due to the demand of wind turbines, there are many different manufacturers with differ-
ent technologies, and each year new wind turbines are developed. Hence, there are no 
standard values yet to compare wind turbine models, or the models available are not 
designed for EMT simulations. 
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Abstract--  This paper presents the results of switching transient simulations using 
PSCAD on Walney Offshore Windfarm 1. The model of WOW1 was created based on 
as-build information from the main components like cables, reactors, filters and switch-
gear. Energizing operations of the export cable, reactor and filter in the onshore substa-
tion were simulated, in order to generate appropriate recommendations for configuration 
of the gas-insulated substation (GIS). 
 
Index Terms—Export cable, reactor, filter, GIS, point-on-wave, overvoltages, DC cur-
rent.  
 
I.  INTRODUCTION 
Walney Offshore Wind Farm phase 1 consists of two parts, Walney Offshore Wind 1 
(WOW1) with 21 wind turbines (WTs) and Walney Offshore Wind 2 (WOW2) with 30 
turbines, each with a rated power of 3.6MW each.  
The WTs are connected in ―rows‖ by 36kV submarine cables. Pairs of rows are then 
connected to the platform by one ―root‖ cable. Two park transformers (120MVA, 
132/33kV) are placed on an offshore platform in the centre of the wind farm. Each root 
cable is connected to a 36kV busbar via a vacuum circuit breaker (VCB). The radials of 
WOW1 are connected to one park transformer, and the radials of WOW2 are connected 
to the other park transformer. Furthermore, included in the models was the connection 
of the park transformers via so-called export cables, consisting of a single three-phase 
HV submarine cable (132kV /45km) and land cable (132kV /3km) to the grid connec-
tion point on land. 
In order to comply with the Grid Code requirements a 60MVAr reactor and a filter were 
installed in the onshore substation. 
 
II.  SIMULATIONS 
Transient study for a fully compensated export cable in large offshore wind farms 
366 
All simulations were performed in PSCAD using all the available information about the 
components with a time step of 400ns for all the simulations.  
The cable models for the land and submarine cable were created based on the available 
information from the manufacturer and IEEE guidelines [1]. In PSCAD the cable model 
used was the Frequency Dependant (phase) model. The substation breaker (BRK), filter 
breaker (BRK_f) and reactor breaker (BRK_r) were modelled as ideal breakers. The HV 
grid as seen from the connection point was modelled as a voltage source with two PI 
sections connected to the HV cable to the wind farm with an on shore substation breaker 
(BRK). The filter, located in the onshore station as well, was modelled as a third order 
damped filter based on the manufacturer‘s information.  
  
Fig. 1 Walney Offshore Wind Farm layout and location. 
 
III.  SIMULTANEOUS THREE PHASE SWITCHING IN THE WIND FARM, TIME 
SCAN 
Here the wind farm export system was simulated only with an export cable, a reactor 
and filter, and a voltage source representing the external grid (see Fig. 2). The export 
cable was modelled with a land and submarine cable in series.  The park transformers 
cable end was modelled as an open end, since the park transformer is not energized at 
the same time as the export cable. 
  
Fig. 2 Export system in PSCAD. 
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In order to find out the optimal switching procedure and closing time for the BRK, 
BKR_r and BRK_f, four study cases were done where the simultaneous 3 phase closing 
times were varied from 60 to 70ms, with 1ms steps. These study cases are: 
• Closing BRK with BRK_f and BRK_r open (see Fig. 3) 
• Closing BRK_r  with BRK_f open and BRK closed (see Fig. 4) 
• Closing BRK_f  with BRK_r open and BRK closed (see Fig. 5) 
• Closing BRK with BRK_f and BRK_r closed (see Fig. 6) 
Several signals were recorded to compare all the study cases: 
• Ea and Isource are the voltage and current in the grid behind the 2 pi-
sections 
• Eb is the voltage at the substation busbar 
• Icable is the current in the export cable at the substation end 
• Ei is the voltage in the interface between the land and sea cables 
• Eo is the voltage at the offshore platform end of the export cable 
• Efilter and Ifilter are the voltage and current in the filter 
• Ereactor and Ireactor are the voltage and current in the reactor 
 
Fig. 3. to Fig. 6 show the busbar voltages and currents to the grid for the 4 study cases 
at different closing times (phase positions of the closing operation = switching angle). It 
is important to compare Fig. 3 and Fig. 6, where the influence of the reactor and filter 
can be seen. In Fig. 3, where reactor and filter are not connected, the maximum voltage 
is higher than in 6. In Fig. 6, where reactor and breaker are connected, the maximum 
current is higher than in Fig. 3; however, the final current amplitude after the switching 
operation is higher in Fig. 3 than in Fig. 6. Also, there is a DC current offset in Fig. 6 
not present in Fig. 3. This is due to the current and voltage phase difference in the reac-
tor. 
 
The overvoltages present in Fig. 3, Fig. 4, Fig. 5 and Fig. 6 are caused by the charging 
of the cable´s capacitance and energy oscillation between the cable´s capacitance and 
the inductance in the system [2]. The DC current offset in the reactor depends on the 
phase angle when the circuit breaker switches in. This current asymmetry can be avoid-
ed if the circuit breaker closes near the maximal value of the power frequency voltage 
[3]. 
 
Since the study aims finding the most appropriate switching procedure, the switching 
times are selected from Fig. 3, Fig. 4 and Fig. 5, where the transient voltage and current 
on each phase are at minimum. In that way, the optimum switching time for the cable, 
reactor and filter can be found and are shown in Fig. 7. As it can be seen, the best 
switching time for the cable and filter is when the switching occurs at zero crossing of 
the of the phase voltage, while for the reactor the best switching times is at the peak 
voltage of the phase voltage. 
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Fig. 3 Simulated phase L1, L2 and L3 voltages and currents, for the closing time scan in 
BRK with BRK_f and BRK_r open, from 60 ms to 100 ms. The voltages at the substa-
tion busbar are in the left column, while in the right column the current in the grid are 
plotted. Each phase is shown separately, top row: phase L1, middle row: phase L2 and 
bottom row: phase L3. 
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Fig. 4 Simulated phase L1, L2 and L3 voltages and currents, for the closing time scan in 
BRK_r  with BRK_f open and BRK closed, from 60 ms to 100 ms. The voltages at the 
substation busbar are in the left column, while in the right column the current in the grid 
are plotted. Each phase is shown separately, top row: phase L1, middle row: phase L2 
and bottom row: phase L3.  
  
Fig. 5 Simulated phase L1, L2 and L3 voltages and currents, for the closing time scan in 
BRK_f  with BRK_r open and BRK closed, from 60 ms to 100 ms. The voltages at the 
substation busbar are in the left column, while in the right column the current in the grid 
are plotted. Each phase is shown separately, top row: phase L1, middle row: phase L2 
and bottom row: phase L3. 
Transient study for a fully compensated export cable in large offshore wind farms 
370 
   
Fig. 6 Simulated phase L1, L2 and L3 voltages and currents, for the closing time scan in 
BRK with BRK_f and BRK_r closed, from 60 ms to 100 ms. The voltages at the substa-
tion busbar are in the left column, while in the right column the current in the grid are 
plotted. Each phase is shown separately, top row: phase L1, middle row: phase L2 and 
bottom row: phase L3. 
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Fig. 7 The voltages at the substation busbar are in the left column, while in the right 
column the current in the grid are plotted for the best closing time scan in BRK with 
BRK_f and BRK_r open (top),  BRK_r  with BRK_f open and BRK closed (middle); 
BRK_f  with BRK_r open and BRK closed (bottom). 
 
IV.  INDEPENDENT THREE PHASE SWITCHING IN THE WIND FARM, BEST 
AND WORST SWITCHING ANGLES 
In this section, the need of correct point-on-wave switching of circuit breakers is ex-
plained with two study cases where the cable, reactor and filter are energized. 
Finally, two more study cases were performed in order to estimate the best and worst 
switching operations: 
1. Best switching. Here the wind farm breaker (BRK), the wind farm reactor 
breaker (BRK_r) and the wind farm filter breaker (BRK_f) were closed at zero crossing 
of the phase voltage (0°), peak voltage of the phase voltage (90°) and zero crossing of 
the phase voltage (0°), respectively.  
2. Worst switching. Here the wind farm breaker (BRK), the wind farm reac-
tor breaker (BRK_r) and the wind farm filter breaker (BRK_f) were closed at peak volt-
age of the phase voltage (90°), zero crossing of the phase voltage (0°), peak voltage of 
the phase voltage (90°), respectively.  
 
The switching times of the different breakers are shown in the Table 1. These times 
were defined based on the phase angle of the voltages and the independent operation of 
BRK, BRK_r and BRK_f. 
In both cases (best and worst) the switching times were kept the same, just the phase 
angle of the voltage source was changed. The results are shown in Fig.  8 to Fig.  14. 
Fig.  8 and Fig.  9 show the voltages and currents in the main locations. Fig. 10 shows 
the current at the voltage source and the voltages along the export cable. Fig.  11 shows 
the current at the voltage source; Fig. 12 shows the voltage at both ends of the export 
cable; Fig. 13 shows the voltage and currents at the reactor terminals and finally Fig.  14 
shows the voltage and currents at the filter terminals. 
 
TABLE 1 
SWITCHING TIME FOR EACH PHASE OF THE THREE CIRCUIT BREAKERS  
 Phase Time 
BRK L1 0.0600 [s] 
L2 0.0666 [s] 
L3 0.0633 [s] 
BRK_r L1 0.0950 [s] 
L2 0.1016 [s] 
L3 0.0983 [s] 
BRK_f L1 0.1200 [s] 
L2 0.1266 [s] 
L3 0.1233 [s] 
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As can be seen in Fig.  8 and Fig.  9, the switching angle of the BRK, BRK_f and 
BRK_r has an important influence on the transient voltage and currents in the system.  
In Fig. 10 the source current and voltages along the export cable can be better compared 
between both study cases. As it can be seen here, there is a very high current when the 
cable is connected at 90° voltage by BRK. The voltage at the interface between the 
submarine cable and the land cable as well as at the offshore platform end of the export 
cable presents a transient overvoltage due to the voltage wave reflections in both loca-
tions. As can be expected, this transient overcurrent and overvoltage is not present when 
the switching operation occurs at 0° voltage. In reality, the voltage at the grid end of the 
export cable is expected to be higher at 90° switching than in the simulations, due to the 
arc impedance in the breaker when the voltage wave returns and bounces back to the 
export cable.  
Fig.  11 shows the current at the voltage source. Here can be seen a clear difference be-
tween switching at the best and the worst switching angles. When closing at the worst 
switching angles (BRK at 90°, BRK_r at 0° and BRK_f at 90°) there is a very  high  
current, as can be expected  due  to  the  cable  capacitance (from 60-70 ms), a high DC 
current due to the reactor ( from 90-110 ms) as well as the transient current due to the 
filter ( from 120-140 ms). It is important to mention that this switching operation would 
yield the worst asymmetrical current, due to the DC current component caused by the 
reactor; hence, no zero crossing of the current is expected for several cycles. When clos-
ing at the best switching angles (BRK at 0°, BRK_r at 90° and BRK_f at 0°), the previ-
ously mentioned capacitive transients as well as the DC offset can be avoided. Here, the 
magnitude of the filter transients has decreased, but due to the filter design, these transi-
ents cannot be avoided completely.  
The worst case switching operation may lead to zero-missing phenomena. The problem 
here is that in a fully compensated cable with the reactor connected, the capacitor and 
inductor have equal impedance, and the current in the capacitor and inductor would 
have equal current amplitude with opposite phase angle [4]. The current in the inductor 
could also have a DC component, which would depend on the voltage at the moment of 
connection. 
Fig. 12 shows the voltage at both ends of the export cable. Here it is just important to 
mention that the voltage at the offshore platform end of the export cable is just above 
160kVpeak, hence problems with the insulation system could occur. 
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Fig.  8 Simulated phase L1, L2 and L3 voltages, for best (B) and worst (W) case switch-
ing operation phase angles, from 50 ms to 200 ms in selected locations. The voltages at 
the voltage source are in the top row, while the lower three rows presents the voltages in 
other locations of the export system. Second row: at the reactor terminals, third row: at 
the filter terminals and forth row: at the offshore platform end of the export cable. 
 
  
Fig.  9 Simulated phase L1, L2 and L3 currents, for best (B) and worst (W) switching 
operation phase angles, from 50 ms to 200 ms in selected locations. The currents at the 
voltage source are in the top row, while the lower three rows presents the currents in 
other locations of the export system. Second row: at the reactor terminals, third row: at 
the filter terminals and forth row: at the platform side of the export cable. 
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Fig. 13 shows the voltage and currents at the reactor terminals. Here can be seen a clear 
advantage in closing BRK_r at 90°, since the current reach only 377Apeak instead of 
740Apeak, due to the initial DC offset current. 
Fig.  14 shows the voltage and currents at the filter terminals. Here can be seen a clear 
advantage in closing BRK_f at 0°, since the current reach only 260Apeak instead of 
850Apeak.  
 
  
Fig. 10 Simulated phase L1, L2 and L3 voltages and currents, for best (B) and worst 
(W) case switching operation phase angles, from 50 ms to 200 ms in selected locations. 
The currents at the voltage source are in the top row, while the lower three rows pre-
sents the voltages in the export cable. Second row: at the grid end of the export cable, 
third row: at the interface between submarine cable  and land cable and forth row: at the 
platform end of the export cable. 
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Fig.  11 Simulated phase L1, L2 and L3 currents, for best (B) and worst (W) case 
switching operation phase angles, from 50 ms to 200 ms in the voltage source. 
 
 
  
Fig. 12 Simulated phase L1, L2 and L3 voltages, for best (B) and worst (W) case 
switching operation phase angles, from 50 ms to 100 ms in the export cable. The volt-
ages at the grid end of the export cable are in the top row, while the bottom rows pre-
sents the voltages at the offshore platform end of the export cable. 
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Fig. 13 Simulated phase L1, L2 and L3 voltages, for best (B) and worst (W) case 
switching operation phase angles, from 50 ms to 150 ms at the reactor terminals. The 
voltages at the reactor terminals are in the top row, while the bottom rows presents the 
currents in the same location. 
  
Fig.  14 Simulated phase L1, L2 and L3 voltages, for best (B) and worst (W) case 
switching operation phase angles, from 50 ms to 150 ms at the filter terminals. The 
voltages at the filter terminals are in the top row, while the bottom row presents the cur-
rents in the same location. 
 
V.  INDEPENDENT THREE PHASE SWITCHING IN THE WIND FARM, BEST 
SWITCHING ANGLES WITH CAPACITANCES IN THE REACTOR SWITCH-
GEAR 
In order to estimate the overvoltages generated when connecting the reactor at voltage 
peak, two more simulations were done, where capacitances were added to both termi-
nals of the switchgear, as well as between terminals. Two values were used: 1pF and 
3nF. No difference was found between these two cases and the previous results.  
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Fig.  15 Reactor switchgear with additional capacitances in PSCAD 
  
Fig. 16 Simulated phase L1, L2 and L3 voltages, for the best switching op-eration phase 
angles with additional capacitances in the reactor switchgear, from 50 ms to 150 ms at 
the reactor terminals. The voltages at the reactor terminals are in the top row, while the 
bottom rows presents the currents in the same location. 
 
VI.  CONCLUSIONS 
This work describes a comprehensive procedure to estimate the optimum switching an-
gles for switchgear in an offshore wind farm grid substation with a fully compensated 
export cable with a switched in reactor and a filter. It was found that the best switching 
angle to switch-in the cable is 0°, to switch-in the reactor is 90° and to switch-in the 
filter is 0°. This way the maximum current, maximum voltage and DC component can 
be minimized. 
It was also shown the need for a point-on-wave switchgear to control independently 
each phase, with a time delay of 3.3 and 6.6 ms from the closing operation of the first 
phase.  
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Abstract—This paper presents the voltage signals occurring during a switching opera-
tion recorded in the external grid of Gunfleet Sands Offshore Wind Farm recorded with 
an Elspec measurement system. The measurements are compared to electromagnetic 
(EMT) simulations for validation of the wind farm model using PSCAD/EMTDC. The 
simulation model then was modified to investigate the influence of a capacitor bank 
connection.  
It was found that for this kind of transients, the amount of wind turbines (wind turbine 
transformers, high frequency filters and wind turbine converter) included in the model 
makes a difference to the results; while the cable models (PI or distributed) and the type 
of model of the wind turbines converter (voltage source or open end), does not have a 
considerable influence on the transient response at the PCC or MV terminals of the park 
transformers 
 
Index Terms— wind farm, capacitor bank, EMT simulations and transient overvoltages. 
 
I.  INTRODUCTION 
THIS paper presents the procedure to use the available as-build information from wind 
turbine and other equipment manufacturers and from transient voltage measurements to 
create and validate a model to represent a switching operation on the external grid of 
Gunfleet Sands Offshore Wind Farm (GFS). The measurements were extracted from the 
permanent Elspec measurement system at the Point of Common Coupling (PCC) and at 
the MV terminals of the park transformers. The simulations in PSCAD were performed 
using standard cable, capacitor and transformer models.  
The investigations were made by DONG Energy in cooperation with the Technical Uni-
versity of Denmark and are part of ongoing efforts to improve the accuracy of electrical 
modeling of power system components. 
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II.  GUNFLEET SANDS OFFSHORE WIND FARM 
The GFS project is located approximately 7km south-east off Clacton-on-Sea, Essex, 
see Fig. 1. The project consists of two phases, Gunfleet Sands 1 (GFS1) with 30 tur-
bines and Gunfleet Sands 2 (GFS2) with 18 turbines (WTs).  Total capacity of Gunfleet 
Sands Offshore Wind Farm is 172MW corresponding to the consumption of 125,000 
British households.  
The WTs are connected in ―rows‖ by means of 36kV submarine cables. Pairs of rows 
are then connected to the platform by one ―root‖ cable. Two park transformers 
(120MVA, YNd1, 132/33kV) are placed on an offshore platform in the centre of the 
wind farm. The radials of GFS1 are connected to one park transformer (TR1), and the 
radials of GFS2 are connected to the other park transformer (TR2). The grid connection 
of the park transformers is established via a single, three-phase HV submarine sea cable 
and a land cable to the grid connection point on land. The external grid where GFS is 
connected is owned by EDF Energy (EdF). 
  
Fig. 1: Gunfleet Sands Offshore Wind Farm layout and location,  approximately 7 km 
south-east off Clacton-on-Sea, Essex, UK. 
 
III.  MEASUREMENTS 
It is possible to extract current and voltage waveforms from different Elspec measure-
ment equipment installed at GFS with the Elspec Investigator software. The embedded 
PQZip compression technology allows continuous recording of all electrical parameters 
for significant time duration. The voltage waveforms are sampled at 1024 samples per 
cycle and the currents at 256 samples per cycle; GFS is connected to a 50Hz system. 
The resulting digital waveform is compressed with FFT computation, resulting in 512 
spectral components per cycle for voltages and 128 for currents. The resulting data are 
being further compressed using lossy compression algorithms. When the waveforms are 
required, the data are decompressed with full harmonic spectrum for each cycle along 
with the associated time stamps. The waveform displayed by the Elspec Investigator 
application is reconstructed based on the compressed spectral data of every cycle [1]. 
The voltage and current waveforms measured from the following locations have been 
extracted and are compared to the results from PSCAD simulations: 
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• at the onshore PCC at 132kV, 
• at the MV terminal of the TR1 at 33kV and 
• at the MV terminal of the TR2 at 33kV.  
It is important to mention that only the maximum and minimum value from each time 
interval can be extracted from the Elspec Investigator; hence in some figures the aver-
aged values for each time interval have been compared to the  PSCAD results and in 
some other figures, also the minimum and maximum values for each time interval are 
shown.  
In order to make an accurate comparison in all locations, the current and voltage wave-
forms in TR2 were shifted +0.62ms due to a GPS time error.  
 
IV.  SIMULATIONS 
The model of GFS was created in PSCAD to replicate measurements recorded by the 
Elspec measurement system. It was decided to simulate this period of time due to the 
high transient overvoltages caused by the switching in operation of a 60MVAr capacitor 
bank in the EdF 132kV grid where GFS is connected. 
The 60MVAr capacitor banks are located in the Bramford 132/400kV NGET Substa-
tion, on the public HV grid, but the exact state of the HV system where GFS is connect-
ed is unknown; however an approximate model of the export system to which GFS is 
connected has been created based on the available information. In order to find the de-
pendence of the results to different models and system states, different versions of the 
PSCAD model have been developed. All the different versions are shown in Table 1 
including the main parameter variations. The influence of the different components and 
models was compared as: 
• V1-V2: the influence of the MV cables when modeled as distributed or as 
PI elements, 
• V2-V3: the influence of the wind turbines, 
• V3-V4: the influence of the HV cables when modeled as distributed or as 
PI elements, 
• V4-V5: the influence of the wind turbine converter modeled as ideal volt-
age source or as open circuit and 
• V5-V6-V7: the influence of the HV capacitors connected prior to the 
switching event. 
All the simulations in PSCAD were run over a period of 0.3s with a step time of 10µs, 
and the switching operation was performed at 0.201s. In that way it was ensured that the 
system was stable before the switching operation. In the figures presented below, the 
initial 0.13s were removed to simplify the comparison with the measurements. 
A. HV external grid 
The information about the HV external grid where GFS is connected is based on the 
forecasted load 2009-2010 from an EdF report [2]. The grid model includes 23 inter-
connections, 4 load centers and a super-grid of 400kV. The main problem with the con-
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struction of the external grid model is that the state of it at the exact moment of the inci-
dent is almost impossible to establish accurately. The influence of this unknown factor 
is investigated by sensitivity analyses of the results to changes in load, load location, 
and extension of the HV and MV network in the public grid. The HV and MV loads on 
the public grid model are located at Ipswich 132, Lawford 132, Clacton 33 and Cliff 
Quarry 33. 
B. Bramford 132kV busbar 
As mentioned before, the actual state of the public HV grid can only be guessed, so the 
ammount of capacitor banks connected at the Bramford 132kV busbar had to be inves-
tigated. Since the amount of capacitor bank connected prior to the switching operation is 
unknown, sensitivity analyses to this unknown factor were done by including the three 
possible configurations: in V5 one 60MVAr capacitor was connected, in V6 no capaci-
tor was connected and finally in V7 two 60MVAr capacitors were connected. 
C. HV export grid 
Included in the models was the connection of the park transformer via a single three 
phase HV submarine cable (132kV/9.167km) and a land cable (132kV/3.622km) to the 
PCC on land. In some of the PSCAD models the cables were modeled as PI or as dis-
tributed cables.  
The distributed cables were created based on the available information from the manu-
facturer and IEEE guidelines [3]. In PSCAD the cable model used was the Frequency 
Dependant (phase) model.  
D. MV collection grid 
The MV submarine cables connecting the WTs in the GFS1 rows are 550m long, while 
in GFS2 the rows are 950m long. Furthermore, the turbines connected at GFS1 and 
GFS2, both park transformers, as well as the row and root cables were included in the 
PSCAD model depending on the objective of the simulation. 
 The MV collection grid was simplified to different degrees depending on the version, 
but the main parameters like cable size and length were always kept. For example, for 
V1 the root and row cables were modeled as frequency dependant distributed models, 
but the row cables between the first and last turbine of the radial were simplified to one 
long cable instead of several short cables. On the other hand, for V2 the root and row 
cables were modeled as nominal PI sections but the row cables between the first and last 
turbine of the radial were simplified to one long cable instead of several short cables. In 
V3, V4, V5, V6, and V7 every root and row cables were modeled as nominal PI sec-
tions. 
E. Wind turbine and park transformers 
Both park transformers (TR1 and TR2), as well as the wind turbine transformers were 
included, based on the available information from the manufacturer and IEEE guide-
lines [4], by means of the standard transformer model in PSCAD. The capacitances be-
tween primary winding to ground, secondary winding to ground and primary to second-
ary windings were included as well as the saturation characteristic in the magnetic core. 
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F. Wind turbines 
The wind turbine transformer (4 MVA, 33/0.69 kV) is connected to the radial via an 
MV Vacuum Circuit Breaker. On the LV side, between the transformer and the convert-
er, a high-frequency filter and reactor were included. The wind turbine converter was 
modeled in some simulations as an ideal voltage source, and in others as an open circuit.  
The super-grid of 400kV, capacitor bank at Bramford, high-frequency filters, reactors 
and circuit breakers were modeled based on the IEEE guidelines [5]  
V.  SIMULATIONS RESULTS 
In general the results are divided in three subsections; model comparison, capacitor 
bank comparison and harmonic contents at the PCC comparison. Each of them will be 
explained below. 
  
TABLE 1 
SYSTEM STATE AND COMPONENT MODEL FOR EACH PSCAD VERSION 
Versions  V1 V2 V3 V4 V5 V6 V7 
EHV state Normal Normal  Normal  Strong Strong Strong Strong 
Initial C at 
132kV 
60MVAr 60MVAr 60MVAr 60MVAr 60MVAr 0MVAr 120MVAr 
MV cables 
model 
Distributed PI PI PI PI PI PI 
Numer of 
WTs 
12 12 48 48 48 48 48 
Land and 
sea cable 
model 
Distributed  Distributed  Distributed  PI PI PI PI 
WT model Voltage 
source 
Voltage 
source 
Voltage 
source 
Voltage 
source 
Open Open Open 
  
A. Model - measurements comparison 
In this subsection, the averaged measurements were compared to the simulated phase A 
and B voltages from the PSCAD model versions V1, V2, V3, V4 and V5 at the PCC, 
TR1 and TR2. Only phase A and phase B at the MV side of the TR1 and TR2 are 
shown since in these phases the maximum overvoltages appeared. The results are shown 
in Fig. 2 to 4. Comparing the simulation results from these three figures, it is possible to 
see the peak transient voltage in all versions and locations is higher than the averaged 
measurements.  
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Fig. 2: Phase A voltage at the PCC from 70ms to 75ms for the averaged measurements 
(m) and PSCAD versions V1, V2, V3, V4 and V5. 
  
Fig. 3: Phase B voltage at the MV side of TR1 from 70ms to 75ms for the averaged 
measurements (m) and PSCAD versions V1, V2, V3, V4 and V5. 
 
It is also possible to separate the results in two groups depending on the oscillation and 
magnitude of the overvoltage. In one group are V1 and V2 while V3, V4 and V5 are in 
a second group. It is possible to see from Table 1 that the main difference between these 
two groups is the amount of wind turbines connected in the wind farm collection grid. 
In the first group only 12 turbines are connected while 48 are connected in the second 
group. 
There are small differences between V1 and V2 in the results at the PCC, TR1 and TR2 
after 0.0725s. There are also small divergences between V3, V4 and V5 during the en-
tire time, but especially after 0.0735s. These differences are due to the type of cable 
model used and also the wind turbine model (converter model). This would indicate that 
for this kind of switching operations the type of cable model (PI or distributed), wind 
turbine model and strength of the grid do not influence the results significantly. 
It is also possible to see a clear difference between the measurements and results of the 
two park transformers. In practice however, the response to a transient on both locations 
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should not be the same, since the equipment connected to the collection grid on both 
sides is different, specially the amount of cables.  
From this series of plots it can be seen that in general, the results from the simulations in 
PSCAD are representative compared with the recordings from Elspec. However, some 
discrepancies have been found at the PCC after 0.072s and the following subsections 
will focus on the cause of this divergence. 
  
Fig. 4: Phase B voltage at the MV side of TR2 from 70ms to 75ms for the averaged 
measurements (m) and PSCAD versions V1, V2, V3, V4 and V5 
B. Influence of capacitor banks 
In this subsection the averaged, maximum and minimum measurements were compared 
to the simulated phase A voltage from the PSCAD versions V5, V6, and V7 at the PCC.  
The results are shown in Fig. 5. Here it is possible to see that from 0.07s to 0.0718s the 
results from V6 seem closer to the actual measurements. The peak transient voltage in 
V5 and V6 is very close to the maximum measured voltage. V5, V6 and V7 start show-
ing a complex behavior just before 0.072ms.  
  
Fig. 5: Phase A voltage at the PCC from 70ms to 75ms for the averaged measurements 
(m), minimum measurements (min), maximum measurements (max), and PSCAD ver-
sions V5, V6, and V7. 
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From this figure it can be concluded that the number of capacitors of 60MVAr at 132kV 
previously connected to the switching operation cannot be found only by comparing the 
raw results from the PSCAD simulations. Further work has been done on the following 
subsection regarding this problem. 
C. Harmonic contents at the PCC 
In this subsection a frequency scan at the point of common coupling (PCC) is shown for 
different operating conditions, as well as FFT analysis of the phase A voltage at the 
PCC plus the harmonic contents of V5, V6 and V7. 
First a frequency scan of the impedance at the PCC is shown for different operating 
conditions (Fig. 6). Here it can be seen that the parallel and series resonance frequencies 
decrease with the amount of capacitor banks connected to the grid; the parallel reso-
nance for the system with no capacitor bank is 375Hz, for the system with one 60MVAr 
is 290 and 580Hz, for the system with 120MVAr is 250 and 540Hz; and finally for the 
system with 180MVAr is 210 and 520Hz. The system with 180MVAr represents the 
final state from V7.  
In order to assess the effect of the loading and grid capacity from the external grid on 
the resonance frequencies at the PCC, the frequency scan for different version of the 
system with 120MVAr was calculated. Here the load in Ipswich 132, Lawford 132, 
Clacton 33 and Cliff Quarry 33 were increased. Also the grid short circuit capacity was 
increased several times.  It was found that these variations do not change the resonance 
frequency of the system considerably, but only the magnitude of the impedance seen 
from the PCC. However, if additional loads at other locations in the 132kV grid are in-
cluded, there is a small shift in the resonance frequencies. As mentioned before, no ex-
act information of the state of the external grid was available, so no conclusions can be 
made based on this issue. Future work is expected to be done in this area. 
  
 
 
Fig. 6: Impedance sweep magnitude at the PCC from 0Hz to 1500Hz for the system 
with standard values of the 400kV super-grid and different amounts of capacitor banks 
connected at Bramford 132kV. The system with no capacitor banks (0MVAr), the sys-
375Hz 
290 and 580Hz 
250 and 540Hz 
210 and 520Hz 
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tem with one capacitor bank (60MVAr), the system with two capacitor banks 
(120MVAr) and the system with three capacitor banks (180MVAr). 
 
TABLE 2 
MAXIMUM HARMONIC CONTENTS [KV] OF PHASE A VOLTAGE FROM 0.07 
TO 0.12S  
Frequency 
[Hz] 
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 Initial 
[MVAr] 
Final 
[MVAr] 
Elspec 110 0.5 0,5 0,2 0,7 1 4 3 4 5 1,2 5 2 7 4   
V5 110 1 1 1,5 3 5 5 4 3 3 5 7 1,5 1,2 1,2 60 120 
V6 110 1 1 1,5 2 4 6 5 4,5 4,5 5 6 5 1,2 1,2 0 60 
V7 110 1 1 1,5 4 5 3 2 2 3 5 4 1,5 1,2 1,2 120 180 
  
  
The magnitude of the harmonic contents on the phase A voltage at the PCC from the 
Elspec measurements and PSCAD versions V6, V5 and V7 is shown in the Table 2. In 
this table it is possible to see that: 
• there are high harmonic contents around 400 and 700Hz when one capaci-
tor bank is connected to the real system (Elspec);  
• there are high harmonic contents around 300 and 600Hz when one capaci-
tor bank is connected, while 60MVAr are connected previously (V5); 
• there are high harmonic contents around 350 and 600Hz when one capaci-
tor bank is connected, while no other capacitor is connected previously (V6);  
• there are high harmonic contents around 300 and 550Hz when one capaci-
tor bank is connected, while 120MVAr are connected previously (V7). 
The simulated resonant frequencies from the PSCAD model versions are slightly higher 
compared to the ones found in the frequency scan.  
On the other hand, if the harmonic contents from the PSCAD model versions are com-
pared to the harmonic contents from Elspec, a clear shift can be seen of the two resonant 
frequencies to a higher value (around 400 and 700Hz). 
Based on this comparison, in can be concluded, that the PSCAD model version closest 
to the real export system in GFS is V6. However, none of the versions is an exact repre-
sentation of the external grid where GFS is connected; nonetheless all the available in-
formation has been used, so no further simulations were performed. 
Finally the harmonic contents in time domain of the phase A voltages at the PCC for V6 
is shown in Fig. 7. It can be seen in this figure that the discrepancies between the meas-
urements and the simulations start before 0.072ms, just when the harmonic voltages 
start to appear in the system. The results from V5 were plotted because it was found that 
this model version shows the harmonic contents in best accordance to the Elspec meas-
urements, taking into account a frequency shift to a lower level of the two main reso-
nance frequencies. 
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Fig. 7: Harmonic contents of phase A voltage at PCC from the 1st to the 15th harmonic 
from 0.7 to 0.8s of the PSCAD model version V6. 
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VII.  CONCLUSIONS 
This paper presents models to calculate transients in an offshore wind farm by means of 
EMT simulations. PSCAD was used to calculate overvoltages caused by a switching 
operation in the public grid to which GFS is connected. The results were compared to 
recordings made with an Elspec measurement system. 
Several simulations were performed to find out which available standard models in 
PSCAD are most suitable, and to what extend the components in the export and collec-
tion grid of the offshore wind farm should be included in the simulations. First, it was 
found that the amount of wind turbines included in the model makes a difference to the 
results. It was also found that the cable models (PI or distributed) do not cause large 
deviations. It was found that for this kind of transients, the type of model of the wind 
turbines (voltage source or open circuit) does not have a considerable influence on the 
transient response at the PCC or MV terminals of the transformers. 
Then by means of a frequency scan and analysis of harmonic components of the voltag-
es at the PCC, it was found that the most likely capacitor bank switching operation in 
the public grid at GFS causing the most severe switching overvoltages was the connec-
tion of a 60MVAr capacitor bank, without any capacitor banks connected previously 
(V6). 
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It was also shown that an approximate public grid model could be used to estimate the 
magnitude of the overvoltages. In general, it can be concluded that the results from the 
simulations can be considered as being in good accordance with the recordings. 
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Abstract—This paper presents the results of several simulations to assess the highest 
possible line-to-line overvoltage at the terminals of wind turbine converters after the 
switching operation of a cable or capacitor bank in the external grid of Walney 1, one of 
two phases of Walney Offshore Wind Farm. These switching operations were simulated 
using the EMT software PSCAD/EMTDC A number of parameters were varied in order 
to determine the most critical transients.  
Based on the results, it was concluded that the worst line-to-line transient overvoltage 
occurred in the DC05 and EF06 turbines, when a 25km cable is connected at 152ms and 
when the wind turbines are producing 100% of maximum apparent power. The magni-
tude of the worts transient would not reach 1.2kV. 
 
Index Terms— Wind Farm, switching overvoltages, capacitor bank, cable energization, 
EMT simulations 
 
I.  INTRODUCTION 
This paper presents the procedure to predict the highest possible line-to-line overvoltage 
at the terminals of the wind turbines (WTs) after a switching operation which connects a 
capacitor, cable or capacitor bank to the external grid of an offshore wind farm. All the 
available as-build information was used to create model to represent a switching opera-
tion on the external grid of Walney 1, one of two phases of Walney Offshore Wind 
Farm (WOW). The simulations in PSCAD were performed using standard cable, ca-
pacitor and transformer models. This paper is the continuation of a similar study per-
formed for Gunfleet Sands Offshore Wind Farm [1]. 
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The work is made by DONG Energy in cooperation with the Technical University of 
Denmark, is part of ongoing efforts to improve the accuracy of electrical modelling of 
power system components. 
 
II.  WALNEY OFFSHORE WIND FARM 
THE WOW project is located approximately 15km west of Barrow-in-Furness in Cum-
bria at the East Irish Sea. The project consists of Walney 1 (WOW1) and Walney 2 
(WOW2) each with 51 3.6MW wind turbines, giving a total capacity of the Walney 
project of 367.2MW.   
WOW1 consists of two parts, WOW1.1 with 21 wind turbines and WOW1.2 with 30 
turbines, each with a rated power of 3.6MW.  
The WTs are connected in ―rows‖ by 36kV submarine cables. Pairs of rows are con-
nected to the platform by one ―root‖ cable, thereby forming a radial to be connected to 
the platform. Two park transformers (120MVA YNd1 132/33kV) are placed on an off-
shore platform in the centre of each wind farm. The radials of WOW1.1 are connected 
to one park transformer (TR1), and the radials of WOW1.2 are connected to the other 
park transformer (TR2). The connection of the park transformers is via a single three-
phase HV submarine sea cable and land cable to the grid connection point on land.  
 
III.  DIFFERENT SIMULATIONS 
The model of the WOW1 was created in PSCAD to predict the highest possible line-to-
line overvoltage at the LV terminals of the wind turbines after the switching operation 
in the external grid where WOW1 is connected. In order to do so, several simulations 
were performed. First of all, a simulation was performed to find the wind turbine that 
would experience the highest overvoltage within the collection grid; here a 12µF ca-
pacitor was connected. Then a comparison was made between the overvoltages caused 
by the connection of a capacitor bank, a cable simulated as PI equivalent and a cable 
simulated with distributed parameters. Afterwards the PI cable length was varied seven 
times to find the effect of the length on the overvoltage. Subsequently, the switching 
time at which the cable is connected was varied eight times to find the worst possible 
switching instant. Finally, the apparent power generation from the WTs was increased 
to see the effect of the power generation on the line-to-line overvoltage. All the different 
versions created in PSCAD are shown in Table 1 together with the main parameter vari-
ations. 
It was decided for the present study that only cables and capacitor banks´ connecting 
operations would be investigated. This is based on previous experience on switching 
operations in the external grid of offshore wind farms [1]. All the components were 
modelled according to the available information and IEEE guidelines [2], [3] and [4]. 
TABLE 1 
INFORMATION ABOUT THE SYSTEM FOR EACH PSCAD MODELS 
Ai
m 
Model Switching 
component 
Cable 
length 
Switching 
time 
Apparent 
power 
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generation 
Grid 12µF 2µF capacitor 0.15s 0% 
C
o
m
p
o
n
en
t 60MVAr Capacitor bank 0.15s 0% 
10km-PI PI cable 10km 0.15s 0% 
15km-PI PI cable 15km 0.15s 0% 
15km-
Cable 
Distribu-
ted cable 
15km 0.15s 0% 
C
ab
le
 l
en
g
th
 
10km-PI PI cable 10km 0.15s 0% 
15km-PI PI cable 15km 0.15s 0% 
20km-PI PI cable 20km 0.15s 0% 
25km-PI PI cable 25km 0.15s 0% 
30km-PI PI cable 30km 0.15s 0% 
35km-PI PI cable 35km 0.15s 0% 
40km-PI PI cable 40km 0.15s 0% 
T
im
e 
150ms PI cable 25km 0.15s 0% 
151ms PI cable 25km 0.151s 0% 
152ms PI cable 25km 0.152s 0% 
153ms PI cable 25km 0.153s 0% 
154ms PI cable 25km 0.154s 0% 
155ms PI cable 25km 0.155s 0% 
156ms PI cable 25km 0.156s 0% 
157ms PI cable 25km 0.157s 0% 
G
en
er
at
io
n
 
0S PI cable 25km 0.152s 0% 
10S PI cable 25km 0.152s 10% 
25S PI cable 25km 0.152s 25% 
50S PI cable 25km 0.152s 50% 
75S PI cable 25km 0.152s 75% 
100S PI cable 25km 0.152s 100% 
A. HV 132kV network 
In all the simulations, the external 132kV Heysham substation is represented as an 
equivalent network (Thevenin: voltage source behind impedance). Two 1km cable sec-
tions simulated as PI were included between the substation and the Point of Common 
Coupling (PCC).  
In subsection IV-B different components were switched in at the Heysham substation. 
In the PSCAD model 15km-Cable, a 15km distributed cable was created based on the 
available information from the manufacturer and IEEE guidelines [3]. In PSCAD the 
cable model used was the Frequency Dependant (phase) model.  
B. HV export grid 
Included in the models was the connection of the park transformer via a single three 
phase HV submarine cable (132kV /45km) and land cable (132kV /3km) to the PCC on 
land. In all of the PSCAD models the cables were modelled as PI cables. 
C. MV collection grid 
The length of the MV submarine cables connecting the WTs in the WOW1 varies be-
tween 0.6km and 2.3km long. Furthermore, the turbines connected at WOW1.1 and 
WOW1.2, both park transformers, as well as the row and root cables were included in 
all the PSCAD models. 
D. Wind turbines 
The wind turbine transformer (4MVA, 33/0.69kV) is connected to the collection grid 
via a vacuum circuit breaker. On the LV side of each transformer a high-frequency filter 
and reactor were included between the wind turbine transformer and the wind turbine 
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converter. The wind turbine converter and the generator behind were modelled in all 
simulations as an ideal voltage source. 
 
IV.  SIMULATIONS RESULTS 
In general the results are divided in three subsections; overvoltage level within the col-
lection grid, switching component, cable length variation, switching time variation and 
generation variation. Each of them will be explained below. 
A. Overvoltage level within the collection grid 
In this subsection the procedure to find the maximum overvoltage within the collection 
grid is explained. First a 12µF capacitor is switched in at the Heysham substation. It was 
decided to try first by connecting a 12µF capacitor at 150ms; this would represent the 
total capacitance of a 50km 132kV cable with a capacitance per length of 0.24µF/km. 
The switching time was decided to be at the peak line-to-line voltage, seen from the LV 
side of the wind turbines. The results of the voltages at the LV side of several WTs are 
shown in Fig. 2. The small plot in Fig. 2 shows a zoom of the highlighted zone where 
the highest voltage appears.  
  
Fig. 2 Phase L3 to phase L1 voltage at the LV side of the WT at different wind turbines 
from 140ms to 160ms from the PSCAD model 12µF. In the small plot the same results 
are shown from 151.2ms to 151.6ms. 
 
It is possible to see from Fig. 2 that the switching in operation of a capacitor at the Hey-
sham substation would cause a serious overvoltage at the LV side of the WT terminals.  
In Fig. 3 it is possible to see that the maximum overvoltage is slightly different from 
turbine to turbine; the maximum value appears at the EF06 turbine and the minimum 
value at the DC05. If the maximum voltages at each location are separated in groups 
depending on the value, then given colours where the highest value are red and the low-
est green, and finally this colours used in a diagram of  WOW1; it is possible to see that 
the WTs connected through the longest cable to the offshore substation experience the 
highest overvoltage. This is shown in Fig. 3. 
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Fig. 3 Collection grid with colour nomenclature based on the maximum transient over-
voltage from the PSCAD model 12µF. 
B. Switching component 
 In this subsection the line-to-line overvoltage in the WT EF06 and DC05, caused by the 
connection of a capacitive element in the Heysham substation has been analyzed. Here 
the switching element has been modified from a capacitor, capacitor bank and cables. 
The results are shown in Fig. 4. Here it is possible to see that the connection of a 12µF 
capacitor causes the highest overvoltage, followed by the 60MVAr and finally the 10km 
and 15km PI and distributed cable model. The connection of a bare capacitance with an 
added value of a 50km 132kV cable seems to be unrealistic and conservative.  
  
Fig. 4 Phase L3 to phase L1 voltage at the WTs DC05 and EF06 converter terminals 
from 150ms to 152ms for different PSCAD models. 
 
The response between the WT EF06 and DC05 is very similar, however the overvoltage 
oscillation is not the same, since the impedance seen from each turbine is different due 
to the amount of cables of the collection grid that each turbine is connected though.   
In general there is no large difference between the type of cable. It was concluded, 
based on the results, that for this kind of switching operations the type of cable model 
(PI or distributed) does not influence the results. While the effect of the cable length on 
the switching overvoltage will be investigated in the next subsection.  
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C. Cable length variation 
As shown before, the length of the cable connecting in the Heysham substation, has an 
influence on the overvoltage at the converter terminals of the WTs. In order to analyze 
this, seven simulations have been done where the cable length was varied from 10 to 
40km, in 5km steps. The results are shown in Fig. 5 and Fig. 6.  
  
Fig. 5 Phase L3 to phase L1 voltage at the WT EF06 converter terminals from 150ms to 
152ms for different PSCAD models with different PI cable lengths. 
 
It is possible to see from this two figures that the longer the cable, the higher the ampli-
tude of the voltage disturbance. However the second oscillation peak has different am-
plitude depending on the cable length and WT location. The lowest value of the first 
oscillation is present in the EF06 WT, in comparison to DC05. 
As mentioned before, this difference is due to the impedance seen from each turbine. 
Based on experience from the operation of other wind farms, it is decided that the 25km 
cable is the most likely cable length to be energized without point-on-wave switching 
devices, so this cable length will be used for the following simulations.  
  
Fig. 6 Phase L3 to phase L1 voltage at the WT DC05 converter terminals from 150ms to 
152ms for different PSCAD models with different PI cable lengths. 
D. Switching time variation 
In this subsection the switching time at which the 25km cable is connected has been 
varied from 150 to 157ms, with 1ms step size. 150ms correspond to the time when the 
phase L3 to phase L1 has peak value. This is achieved by point-in-time trigger of the 
switching device connecting the cable, taking into account the three-phase symmetry of 
the system i.e. repeating results every 1/3rd of a cycle. The results are shown in Fig. 7 
and Fig. 8. The time and amplitude frame selected in Fig. 7 is further shown in Fig. 8 
for both wind turbines. 
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Fig. 7 Phase L3 to phase L1 voltage at the WT EF06 converter terminals from 150ms to 
160ms for different PSCAD models with different switching times of a 25km cable. 
  
Fig. 8 Phase L3 to phase L1 voltage at the WTs DC05 and EF06 converter terminals 
from 152ms to 154ms for the PSCAD model with a 25km cable switching at 152ms. 
 
In Fig. 7 the line-to-line voltage at the EF06 WT is shown for all switching time varia-
tions. It is possible to see here that the highest voltage appears when the switching oper-
ation happens at 152ms. If now the transient overvoltage at the WTs EF06 and DC05 
are plotted (Fig. 8) it is possible to see different oscillations at both locations.  
The highest value appears at the DC05 WT during the second high frequency oscilla-
tion; in contrast to the maximum value on the EF06 WT during the first high frequency 
oscillation. This shows the importance of EMT simulation to assess the highest possible 
voltage within the collection grid.   
E. Generation variation 
As a final parameter to be varied, in this subsection the apparent power of the WTs has 
been increased from 0% to 100%, in order to see the effect of the current though the 
reactor and high-frequency filter between the wind turbine transformer and the wind 
turbine converter. The results are shown in Fig. 9 and Fig. 10. The time and amplitude 
frame selected in Fig. 9 is further shown in Fig. 10 for both wind turbines. 
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Fig. 9 Phase L3 to phase L1 voltage at the WT EF06 converter terminals from 140ms to 
160ms for the PSCAD models with a 25km cable switching at 152ms under different 
generation levels. 
  
Fig. 10 Phase L3 to phase L1 voltage at the WTs DC05 and EF06 converter terminals 
from 152ms to 154ms for the PSCAD models with a 25km cable switching at 152ms 
under different generation levels. 
 
The line-to-line voltage at EF06, from the six simulations is shown in Fig. 9. It is possi-
ble to see the direct proportionality between the apparent power generated from the WT 
and the magnitude of the transient overvoltage. 
Based on the construction of the WT, it has been decided that the maximum apparent 
power of the converter is one quarter of the maximum WT power, since there are sever-
al modules connected in parallel on each WT. Based on this assumption, the results 
from the WTs EF06 and DC05 are shown in Fig. 10. The maximum value on DC05 of 
1.16kV appears during 25% generation during the second high frequency oscillation 
peak; while the maximum value on EF06 of 1.14kV appears during the first high fre-
quency oscillation peak. 
It is important to mention that there are no available standard models of wind turbines 
for EMT simulations, so the real behaviour of the wind turbine is unknown.  
 
V.  CONCLUSIONS 
This paper describes a procedure to assess the highest possible line-to-line overvoltage 
at the terminals of wind turbine converters after the switching operation of a bare capac-
itor, capacitor bank or cable in the public grid to which WOW1 is connected. The re-
sults are based on numerical time domain simulations in PSCAD. 
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Several simulations were performed to find out which WT in the collection grid experi-
ences the highest transient overvoltage, which available standard models in PSCAD 
should be used, and to what extend the cable length, switching time and generation level 
are important. First, it was found that the switching component is very important, and 
the response is highly dependent on which device is connected. It was also found that 
the cable models (PI or distributed) does not cause large deviations.  
It was found that for this kind of transients, the cable length and switching time of the 
132kV cable are important. Then, based on operational experience it was decided to 
narrow the simulations to cables of certain length range.  
Based on the simulation results, the highest transient overvoltage is dependent on the 
location; during the first high frequency oscillation it appears on the EF06 WT, and dur-
ing the second high frequency oscillation the maximum value appears on DC05. 
Finally the generation level of the wind turbines was varied and a direct proportionality 
was found between the apparent power generated from the WT and the magnitude of the 
transient overvoltage.  
It can be concluded that the worst line-to-line transient overvoltage occurs in the DC05 
and EF06 WTs, when a 25km cable is switched in at 152ms and the wind turbines are 
producing 100% of apparent power. The magnitude of this transient would not reach 
1.2kV 
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Abstract—This paper presents the results of investigations of the Transient Recovery 
Voltage (TRV) across the terminals of the main 132kV Line Bay GIS circuit breaker 
(GIS CB) for Walney 2, second phase of the Walney Offshore Wind Farm. Several sim-
ulations were performed where the influence of different parameters in the network was 
evaluated during a fault in the onshore substation. The rate of rise of recovery voltage 
(RRRV) and the maximum crest voltage (Uc) of the TRV across the GIS CB were com-
pared against the standard values based on the type test results from the GIS. The inves-
tigations were performed by means of time domain simulations using the EMT software 
PSCAD/HVDC. Based on the results, it was concluded that the highest RRRV appears 
on a system without additional stray capacitances, and the highest Uc appears when the 
fault is a single phase to ground.  
 
Index Terms— Faults, Transient Recovery Voltage, EMT simulations. 
 
I.  INTRODUCTION 
THE transient recovery voltage (TRV) that a circuit breaker (CB) experience is the 
voltage across its terminals after current interruption. The TRV wave shape is deter-
mined by the operating point of the electrical network surrounding the CB prior to inter-
ruption and the characteristics of the network [1]. Since the TRV is a determining pa-
rameter for successful current interruption, CBs are normally type tested in a laboratory 
to withstand a standardized TRV. This standardized TRV is determined by the maxi-
mum allowed rate of rise of recovery voltage (RRRV) and a maximum crest voltage 
(Uc).  
The work made by DONG Energy in cooperation with the Technical University of 
Denmark is part of ongoing efforts to improve the accuracy of electrical modelling of 
power system components. 
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II.  WALNEY OFFSHORE WIND FARM 
The Walney Offshore Wind Farm (WOW) project is located approximately 15km west 
of Barrow-in-Furness in Cumbria at the East Irish Sea. The project consists of Walney 1 
(WOW1) and Walney 2 (WOW2) each with 51 3.6MW wind turbines (WTs), giving a 
total capacity of the Walney project of 367.2MW.   
The WTs are connected in ―rows‖ by 36kV submarine cables. Pairs of rows are then 
connected to the platform by one radial feeder cable. Two park transformers (120MVA 
YNd1 132/33kV) are placed on an offshore platform in the centre of each wind farm. 
The radial feeders of half of the farm are connected to one park transformer, and the 
other half is connected to the other park transformer. The  park transformers are con-
nected via a single export cable system consisting of a three-phase HV submarine sea 
cable and a land cable to the grid connection point on land. The wind farm layout is 
shown in Fig. 1. 
  
Fig. 1: Walney Offshore Wind Farm 1 + 2 layout and location 
 
III.  MODELLING THE WIND FARM 
A simplified single line diagram of WOW2 with the main components included in the 
simulations is shown in Fig. 2.   
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Fig. 2: Single line diagram of the external grid, export circuit and collection grid of 
WOW2. 
 
The model of the WOW2 was created in PSCAD to predict the highest possible RRRV 
and Uc across the CB terminals after current interruption. In order to do so, several sim-
ulations were performed with variation of selected parameters. The different simulated 
faults included were three phase ungrounded, line to line and single line to ground 
faults. The influence of different operating conditions on the TRV was investigated by 
variation of the production level of WOW2. The calculated values were compared 
against the standard values based on the IEC 62271-100:2008 and the type test results. 
The export circuit and a simplified collection grid of WOW2 are modelled up to the 
point of common coupling (PCC) at 132kV level. WOW2 will connect to the Stanah 
substation of the United Utilities network. Each electrical component is modelled from 
the Onshore busbar over 132kV export circuit down to three feeders on each park trans-
former. The wind turbines connected to each 33kV radial feeder were represented by 
one  aggregated model connected to the radial feeder. The connection of each aggregat-
ed model was made through a long submarine cable to account for the total capacitance 
of all the cables in the radial feeders. 
Transient Recovery Voltages at the Main 132kV Line Bay GIS Circuit Breaker in a Windfarm 
402 
The main data and characteristics of the individual electrical components included in the 
simulation model are listed below. 
A. Stanah 132kV substation  
For all simulations in this study, the Stanah 132kV substation at the PCC is represented 
as a simple Thevenin equivalent network with values based on the maximum short cir-
cuit power at the 132kV busbar and the available information about the X/R ratio, as 
recommended in the IEEE guidelines [2].  
B. Onshore 132kV substation 
The switchgear in the onshore substation of WOW2 has a rated voltage of 132kV, with 
SF6 insulation with a rated voltage of145kV and Lightning impulse withstand voltage 
of 650kV and with three-phase encapsulation. The standard values of TRV with rated 
voltages of 100kV to 170kV for effectively earthed systems, according to the IEC 
62271-100:2008[3], are shown in Table 1. The guarantied Uc and RRRV from the type 
test results are slightly higher than the standard values from the IEC, hence the guaran-
teed values were used for comparison.  
TABLE 1 
STANDARD VALUES FROM THE IEC 62271-100:2008 USED TO COMPARE THE 
RESULTS FROM PSCAD 
Test Uc [kV] RRRV [kV/μs] 
Terminal fault  215 2 
Short line fault 166 2 
Out-of-phase 295 1,54 
C. Reactor and harmonic filter in onshore substation 
The onshore reactor has been modelled as a simple 80MVAr reactor in parallel with a 
capacitance in parallel to  account for the first resonance frequency obtained from the 
frequency response analysis (FRA) performed by the manufacturer on a similar reactor. 
Similar reactor equivalents have been used before [4]. The C-type filter has been mod-
eled with four lumped elements as can be seen in fig. 2. 
D. Simplified 132kV GIS CB 
In the model three elements connected at the terminals of the main 132kV GIS CB were 
included to account for the capacitances connected to the GIS busbar at the PCC in the 
Onshore substation, C1 and C2 respectively; as well as a combination of three elements 
in series, RLC, across the terminals of the GIS CB. 
The value of C1 and C2 were based on the recommended values for a three-in-one bus 
capacitance per meter for systems with a rated voltage of 245 kV and below [1]. 
The RLC values used across the GIS terminals are similar to the ones used in [5], since 
no additional information was available at the time of the study. 
E. Submarine cables 
Some other cables , not part of the WOW2 wind farm system, such as export circuit 
cable and collection grid cables of other wind farms also already connected or planned 
to be connected at the PCC have been included in the WOW2 model. All132kV cables 
were modelled as frequency dependant (phase) models based on the geometrical infor-
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mation provided by the manufacturer and IEEE guidelines [6]. The length of the export 
submarine cable is 45.1km and the export land cable is 2.63km. The other cables  con-
nected to the PCC of WOW2 are modelled based on the export submarinecable of 
WOW2; one of these cables has a length of 25km and another  30km. The 25km cable is 
compensated by a 30MVAr reactor and the 30km cable by a 40MVAr reactor.  
The 33kV collection grid cables are modelled as PI sections of 150mm2, each with a 
total length of 4.25km in order to account for five individual 0.85km cables. 
F. Park transformers 
The two identical transformers on the offshore platform for the export circuit are insu-
lated with mineral oil. The transformers are modelled in PSCAD as a standard T-
equivalent circuit model of a two-winding transformerbased on information from the 
manufacturer and IEEE guidelines [7]. Neither the tap changer nor the saturation char-
acteristic of the transformer core was included in the model. 
In order to account for the capacitive coupling between windings and between each 
winding and ground, lumped capacitances were included; these values were obtained 
from FRA measurements made on the transformers [8] after the type test in the factory 
and again during the construction of the offshore platform.   
G. Wind turbine 
The wind turbines were modelled as a voltage source with inductive source impedance 
as in previous studies [9]. Since there are many wind turbines connected in the collec-
tion grid of WOW2, only six aggregated wind turbine models are used. This is deemed 
to be sufficient, given that the GIS CB connecting the export circuit to the PCC and 
simulated-short circuits are at 132kV in the onshore substation and not at 33kV. 
H. Faults 
A three phase ungrounded symmetrical fault close to the terminals of a circuit breaker 
will give rise to the most severe TRV across the first pole to open [1]. Similar conclu-
sions for a 132kV circuit breaker used in onshore  
  
TABLE 2 
INFORMATION ABOUT SYSTEM CONDITION AND PARAMETER SETTING 
FOR EACH STUDY CASE V0 TO V12 
  Stray capac-
itances 
Reactor Reactor´s 
capacitance 
Filter Wind farm 
production 
[MW/MVAr] 
25km 
cable 
30MVAr 
reactor 
30km 
cable 
40MVAr 
reactor 
OHL 
132kV 
Fault 
type 
V0 None Open Open Open 0/0 Open Open Open Open Included ABC 
V1 C1 and RLC Closed Open Open 0/0 Open Open Open Open Included ABC 
V2 C1 and RLC Closed Closed Open 0/0 Open Open Open Open Included ABC 
V3 C1 and RLC Closed Closed Closed 0/0 Open Open Open Open Included ABC 
V4 C1, C2 and 
RLC 
Closed Closed Closed 0/0 Open Open Open Open Included ABC 
V5 C1, C2 and Closed Closed Closed 0/0 Closed Open Closed Open Included ABC 
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RLC 
V6 C1, C2 and 
RLC 
Closed Closed Closed 0/0 Closed Closed Closed Closed Included ABC 
V7 C1, C2 and 
RLC 
Closed Closed Closed 180/0 Closed Closed Closed Closed Included ABC 
V8 C1, C2 and 
RLC 
Closed Closed Closed 180/135 Closed Closed Closed Closed Included ABC 
V9 C1, C2 and 
RLC 
Closed Closed Closed 180/-135 Closed Closed Closed Closed Included ABC 
V10 None Open Open Open 0/0 Open Open Open Open Not includ-
ed 
ABC 
V11 None Open Open Open 0/0 Open Open Open Open Included A-G 
V12 None Open Open Open 0/0 Open Open Open Open Included B-C 
 
  
wind farms have been made in [10]. Thus, this type of fault was examined first. 
The ungrounded three phase fault (ABC), the two phase (B-C) and the single phase to 
ground fault (A-G) were modelled using the standard fault models in PSCAD without 
any fault impedance. All the faults were simulated to occur at the 132kV onshore sub-
station busbar. 
 
IV.  SIMULATION PROCEDURE 
In order to evaluate the effect of different components in the export circuit and collec-
tion grid, several simulations were performed to show different TRV characteristics. 
The system condition and the main parameters varied for each study case as shown in 
Table 2. 
A. Stray capacitances (V0 to V4) 
Different stray capacitances are included for each study case. The 30km and 25km ca-
bles with the reactors are not included. The active and reactive power production from 
the entire wind farm is set to zero. Here only the 3-phase ungrounded fault is simulated 
(ABC).  
B. Cables connected to the PCC (V5 and V6) 
All the stray capacitances are included. The 30km and 25km cables with the reactors are 
included for each study case, respectively. The active and reactive power production 
from the entire wind farm is set to zero. Here only the 3-phase ungrounded fault is 
simulated. 
C. Wind farm production (V7 to V9) 
All the stray capacitances are included. The 30km and 25km cables with the reactors are 
included. The active and reactive power production from the entire wind farm is varied 
for each study case. Here only the 3-phase ungrounded fault is simulated. 
D. OHL in the external grid (V10) 
No stray capacitances are included. The 30km and 25km cables with the reactors are not 
included. The active and reactive power production from the entire wind farm is set to 
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zero. Here only the 3-phase ungrounded fault is simulated. Here the Overhead line 
(OHL) at 132kV between the PCC and the network equivalent is removed. 
E. Fault type (V11 and V12) 
No stray capacitances are included. The 30km and 25km cables with the reactors are not 
included. The active and reactive power production from the entire wind farm is set to 
zero. Here the 2-phase and 1-phase faults are evaluated 
 
V.  SIMULATION RESULTS 
The results from all the study cases are shown in Fig. 3 to Fig. 7. Table 3 shows a sum-
mary of the maximum Uc and RRRV for the different study cases for the TRV in the 
GIS CB in WOW2. 
Fig. 3 shows the results from the study case V0. The triggering signals for the fault and 
GIS CB models are shown on the first subplot. In the second subplot the currents at the 
PCC are shown; the third subplot shows the voltages at the PCC and the last subplot 
shows the voltage across the GIS CB terminals. It can be seen that the fault occurs at 
0.1s and then at 0.12s the fault is cleared, and that subsequently . the first phase current 
that crosses zero is A, then C and finally B. The voltage across the CB shows very fast 
oscillations.  
Fig. 4 shows the voltage across the GIS CB terminals of phase A from the study cases 
V0 to V9. It can be seen that all the results can be divided in three groups: very fast 
RRRV (>1kV/µs) in study case V0; fast RRRV (≈1kV/µs) in study cases V1, V2, V3 
and V4; slow RRRV (<1kV/µs) in study case V5, V6, V7, V8 and V9. Looking at table 
2, it is reasonable to assume that the different RRRVs are due to the amount of capaci-
tances connected in the external 132kV network side of the GIS CB. The worst study 
case is the one where no capacitances are used (V0). The voltage across the GIS CB 
terminals of phase B and C from the study cases V0 to V9 is very similar to Fig. 4, so 
these results are not shown again. 
Transient Recovery Voltages at the Main 132kV Line Bay GIS Circuit Breaker in a Windfarm 
406 
  
Fig. 3: Simulation results from the study case V0. The triggering signals for the fault 
and GIS CB models are shown on the first subplot. In the second subplot the currents at 
the PCC are shown; the third subplot shows the voltages at the PCC and the last subplot 
shows the voltage across the GIS CB terminals. 
  
 
Fig. 4: Simulation results from the study cases V0 to V9. The voltage across the GIS 
CB terminals of phase A is shown. 
 
Fig. 5 shows the worst TRV, found in study case V0. The voltage across the GIS CB 
terminals of phase A is shown as well as the withstand capabilities of the GIS CB based 
on IEC values. It is possible to see that even though the maximum voltage and RRRV 
are very high, these values do not reach any of the standard levels of the GIS CB.  
Fig. 6 shows the results from the study case V10. The triggering signals for the fault and 
GIS CB models are shown on the first subplot. In the second subplot the currents at the 
V0 
 
 
V1-V4 
 
 
V5 
 
 
V6-V9 
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PCC are shown; the third subplot shows the voltages at the PCC and the last subplot 
shows the voltage across the GIS CB terminals. It can be seen that even if the short cir-
cuit current increases due to the direct connection of the GIS CB to the external 132kV 
network, the maximum voltage and RRRV do not reach any of the standard withstand 
levels of the GIS CB 
  
Fig. 5: Simulation results from the study case V0. The voltage across the GIS CB termi-
nals of phase A is shown as well as the withstand capabilities of the GIS CB based on 
IEC values of the Uc and RRRV for terminal fault (TF), short line fault (SLF) and Out-
of-phase (OF). 
 
  
Fig. 6: Simulation results from the study case V10. The triggering signals for the fault 
and GIS CB models are shown on the first subplot. In the second subplot the currents at 
the PCC are shown; the third subplot shows the voltages at the PCC and the last subplot 
shows the voltage across the GIS CB terminals. 
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Fig. 7 shows the voltage across the GIS CB terminals of phase A, B and C for the study 
cases V0, V11 and V12; also the withstand capabilities of the GIS CB based on IEC 
values are shown. It can be seen that the highest voltage is reached in the study case 
V11 on phase C. The signals from phase B and C have been shifted in time in order to 
compare all phases and study cases in one plot. 
Table 3 shows a summary of the maximum Uc and RRRV for the different study cases 
for the TRV in the GIS CB in WOW2. Here, three groups of results clearly can be iden-
tified, depending on their RRRV: 
• very fast RRRV (>1kV/µs) in study cases V0, V11 and V12, 
• fast RRRV (≈1kV/µs) in study cases V1, V2, V3 and V4, 
• slow RRRV (<1kV/µs) in study case V5, V6, V7, V8, V9 and V10.  
By comparing the results of Fig. 4 and Fig. 7 it can be seen that the RRRV is strongly 
dependant on the amount of capacitances connected in the external 132kV network side 
of the GIS CB. While the maximum voltage Uc depends mainly on the type of fault. 
  
Fig. 7: Simulation results from the study case V0, V11 and V12. The voltage across the 
GIS CB terminals of phase A, B and C are shown as well as the withstand capabilities 
of the GIS CB based on IEC values of the Uc and RRRV for terminal fault (TF), short 
line fault (SLF) and Out-of-phase (OF). 
 
TABLE 3 
PSCAD STUDY CASE RESULTS 
 Maximum Uc 
across the GIS CB 
in kV from all 
phases. 
Maximum RRRV 
across the GIS CB 
in kV/µs from all 
phases 
V0 137 1.53  
V1 137 1.005 
V2 137 1.005 
V3 137 1.005 
V4 137 1.005 
V5 122 0.125 
V6 118 0.123 
V7 118 0.123 
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V8 118 0.123 
V9 118 0.123 
V10 104 0.034 
V11 150 1.512 
V12 140 1.526 
 
VI.  CONCLUSIONS 
This paper present an analysis of the expected worst-case transient recovery voltage 
(TRV) across the GIS circuit breaker, installed in the 132kV point of common coupling 
at the Walney Offshore Wind Farm 2 (WOW2). These circuit breakers have been tested 
according to the IEC 62271-100. 
Simulations showed that the TRV after current interruption, caused by a fault in the 
onshore substation of WOW2, would not exceed the withstand boundary defined by the 
TRV ratings. The lowest IEC withstand capability values of rate of rise of recovery 
voltage (RRRV) and the maximum crest voltage (Uc) were not reached in any of the 
study cases presented in this report. 
It was found that the most important parameters affecting the results are the capacitanc-
es at the external 132kV network and the type of fault. The important capacitances at 
the external 132kV network are the GIS busbar capacitances and the capacities of other 
external grid cables connected at the PCC, since the capacitance at the wind farm side of 
the circuit breaker is already very large due to the export cable. 
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Abstract--This paper presents the analysis of online time-domain measurements on the 
primary and secondary side of a wind turbine transformer in an Offshore Wind Farm 
(OWF), during one switching operation realized in the collection grid. The frequency 
characteristics up to 10 kHz of the current and voltage signals of each phase were com-
pared and the transformers admittance characteristic was estimated based on these 
measurements. 
Based on the results from the previous analysis, it was decided to acquire a Sweep Fre-
quency Response Analyzer (SFRA) to realize detailed transformer measurements. First 
the results from the measurements in a small dry-type transformer under laboratory 
conditions are presented, and finally the results from a large transformer measured in a 
in an industrial setting are shown. 
 
Index Terms-- power transformers, admittance, switching transients and offshore wind 
farms. 
 
I.  INTRODUCTION 
THE power transformers are vital components in all power systems; however standard 
tests and models to accurately represent the frequency dependence of transformers are 
still under development.  
It is possible to create detailed models for high frequency studies with geometrical data 
[1-2], using Finite Element Method (FEM) [3], with lumped elements [4], with trans-
mission lines [5], a combination of multiconductor transmission lines and lumped ele-
ments [6] and from variable frequency measurements [7-8]. The last mentioned method 
developed by SINTEF,  is based on determination of the frequency dependent admit-
tance matrix of the transformer based on voltage and current measurements at the trans-
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former terminals, followed by creating a synthesized electrical network using the vector 
fitting technique [9].  
For industrial application, only the SoFT equipment and computational tool from ABB 
can measure the frequency response of a transformer and create digital model to be used 
in the Electro Magnetic Transients Program (EMTP) [10]. Previous work has been done 
to compare the frequency domain response of a) standard transformer model, b) the ge-
ometrical model and c) the digital model created by the SoFT tool [11]. It was found 
that the overall qualitative behaviour of the terminal model created by the SoFT tool, 
and the detailed geometrical model are similar to the results from impulse measure-
ments, and both models give better results than the simple standard transformer model. 
It was also found that the quantitative agreement of the terminal model (SoFT) with the 
measurement results is better than the geometrical model. Finally it was concluded that 
the standard transformer model is not applicable for high frequency simulations.  
 
There has been extensive work regarding the influence of different parameters of the 
transformers in the Frequency Response Analysis (FRA) characteristic, as well as in the 
measurement equipment to measure it.  
For example in [12] the influence of measurement parameters were carried out changing 
the length of the measurement cables, presence of bushing, presence of insulation oil 
and tap connections. It was concluded that the parameters from the measurement system 
and grounding system have an effect on the FRA characteristic. 
In [13] dislocations and deformations of transformer windings were modelled and 
measured, in order to determine the sensitivity of the FRA method and develop a recog-
nition criteria with regards to the type and range of deformation. It was found that the 
displacement of a winding towards the core column, and a winding fault like a short-
circuit between the neighbouring turns, were reflected as increased local maximum val-
ues of the admittance of the windings. 
In [14] a lumped parameter circuit model of a transformer for use in FRA analysis was 
created. The model included high frequency behaviour of the laminated core and the 
insulation through taking into account the frequency dependencies of the complex per-
mittivity of insulation materials, and of the anisotropic complex permeability of magnet-
ic core and conductors. It was found that the core representation is very important when 
calculating the circuit inductances and resistances. The losses in the core and conductor 
contribute the most to the damping in the whole frequency range. However the damping 
of the resonant peaks and valleys at lower frequency (<100 kHz) is also affected by the 
condition of the insulation (aging and moisture), whereas introduction of diamagnetic 
properties of the conductor becomes noticeable above 1 MHz. 
Regarding the measurements system and procedure to realize a Sweep Frequency Re-
sponse Analyzer (SFRA), some work has been done regarding the measuring cables 
standardization [15]. In [16] the frequency range, accuracy, settling time, filtering of 
signals, applied voltage, cabling practice and reproducibility were investigated. 
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In general, it is not possible to assess the resonant and anti-resonant frequencies of a 
transformer without construction data or measurements. And even if it is decided to 
measure a transformer using a SFRA, there is a level of uncertainty in the measure-
ments. 
 
II.  MEASUREMENTS IN AN OFFSHORE WIND FARM  
In 2007 several switching operations were recorded in an Offshore Wind Farm (OWF), 
using novel MV and LV measurement systems. One switching operation under wind 
power production was selected to calculate the admittance of a step-up wind turbine 
transformer (4 MVA, Dyn11, 34/0.69 kV), since there were available signals from the 
current and voltages in both sides of the transformer.  
 
A.  Medium voltage side measurement system 
A novel, GPS synchronized high frequency transient recording system was developed 
by DELTA for the measurements in OWF [17]. Three phase voltages and three phase 
currents were simultaneously sampled at 2.5 MHz in three different locations in the 33 
kV collection grid and synchronized via GPS. The measuring point used for this study 
was located in the MV side of one wind turbine transformer. Here the line-to-ground 
phase voltages were measured with capacitive voltage dividers, which were connected 
to the transient recorder through a high bandwidth amplifier developed by DELTA. The 
bandwidth (3 dB) of the total voltage measurement was 1 Hz to 10 MHz. From the 
measurements it was possible to estimate an accuracy of 20 V. The line currents were 
measured with flexible current clamps with 600 A peak current and bandwidth (3 dB) 
from 0.55 Hz to 3 MHz. 
 
B.  Low voltage side measurement system 
Three phase voltages and currents were simultaneously sampled at 44.1 kHz in the 690 
V side of the transformer [18]. Here the line-to-ground phase voltages were measured 
with commercial differential probes. The bandwidth (3 dB) of the total voltage meas-
urement was DC to 70 MHz, with ±2% accuracy. The line currents were measured with 
current probes with 5000 A peak current and bandwidth (3 dB) from 10 Hz to 20 kHz. 
 
III.  SWITCHING OPERATION 
The switching operation was selected due to the state of the wind turbine. In Fig. 1 it is 
possible to see the measured phase A voltage and current from the low voltage side of 
the transformer. Where in Fig. 2 the measured phase A voltage and current from the 
medium voltage side of the transformer are shown.   
Wind turbine transformer admittance characterization based on online time-domain measurements and 
preliminary results from measurements done in two transformers using a SFRA 
414 
  
Fig. 1 Measured phase A voltage and current in the low voltage side of the power trans-
former, during the entire switching operation. Upper plot: measured current. Lower plot: 
measured voltage. 
  
Fig. 2 Measured phase A voltage and current in the medium voltage side of the power 
transformer, during the entire switching operation. Upper plot: measured current. Lower 
plot: measured voltage. 
 
It is possible to see from these figures that the behaviour of phase A current and voltage 
from the primary side is very similar to the secondary side. However, small discrepan-
cies can be seen between 20 ms and 200 ms in the voltage between primary and second-
ary side, but after this period the voltage seems fairly the same on both sides.  
In order to analyze correctly all signals, the current and voltages were synchronized 
based on the a) transient overvoltage caused by the switching operation in the collection 
grid, and b) the phase shift in the current and voltages between primary and secondary 
side, due to the delta-wye connection of the transformer. The primary and secondary 
side phase A voltages and currents are shown in Fig. 3 and Fig. 4.  
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Once the signals are synchronized the rms and power calculation is realized. The results 
during the entire switching operation for both sides of the transformer are shown in Fig. 
5.  
 
  
Fig. 3 Measured phase A voltage and current in the low voltage side of the power trans-
former, during the first 50 ms of the switching operation. Upper plot: measured current. 
Lower plot: measured voltage. 
  
Fig. 4 Measured phase A voltage and current in the medium voltage side of the power 
transformer, during the first 50 ms of the switching operation. Upper plot: measured 
current. Lower plot: measured voltage. 
 
The active and reactive power change suddenly after the switching operation occurred. 
It is possible to see in the upper plot the reactive power difference between primary and 
secondary side of the transformer during the entire measurement time. However, no 
noticeable difference is present in the active power.  
The current decreases suddenly and then after 800 ms, the final conditions are reached.   
The voltage increases after a sudden voltage drop and then after 800 ms the initial con-
ditions are reached.  As previously mentioned there seems to be some difference be-
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tween primary side voltages and secondary side voltages. Further work should be done 
to fully understand these differences, since the authors were not able to find any record-
ing of similar situations in the literature.  
In order to extract some of the step-up transformer characteristics from the measure-
ments, the reactive power difference between primary and secondary side of the trans-
former is plotted against the low voltage side current in Fig. 6. In theory, this reactive 
power loss would be caused by the leakage inductance in the transformer and should be 
current dependent. As expected the behaviour is linear. 
 
  
Fig. 5 Calculated active power and reactive power and measured rms current and rms 
voltage on both sides of the power transformer during the entire switching operation. 
The calculation results from each side of the transformer are plotted with one line type: 
low voltage side in solid lines and medium voltage side in dashed lines. Each phase rms 
voltage and rms current is plotted with one colour: phase A in blue; phase B in green 
and phase C red. Upper plot: Active and reactive power. Middle plot: rms current. Low-
er plot: rms voltage. 
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Fig. 6 Reactive power loss in the power transformer at different low voltage side current 
levels. 
 
Similar relationships between active power and current/voltage were not possible to 
find, due to the very small difference between active power in the primary and second-
ary side of the transformer.  
 
IV.  FREQUENCY ANALYSIS 
Once the voltages and currents from both sides of the transformer have been synchro-
nized, the frequency analysis can be done. 
In Fig. 7 the low voltage side current during the entire switching operation is shown, as 
well as some of the frequency analysis results. The middle plot shows the single sided 
amplitude spectrum of current A during the entire period, and finally in the lower plot 
the periodogram of current A is shown. 
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Fig. 7 Measured phase A current in the low voltage, single sided amplitude spectrum of 
current A and periodogram of current A during the entire switching operation. Upper 
plot: measured current. Middle plot: single sided amplitude spectrum. Lower plot: peri-
odogram of phase A current using Short-Time Fourier Transform with a Hamming win-
dow of two cycles and 50% overlap between segments. 
 
As reference frame it was decided to use the predefined Fast Fourier Transform (FFT) 
in MATLAB, which computes the Discrete Fourier Transform (DFT) using as window 
length the length of the entire signal. Then, the Power Spectral Density (PSD) was cal-
culated using Short-Time Fourier Transform (STFT) with a Hamming window of two 
cycles and 50% overlap between segments.  
The initial idea was to calculate the admittance of the transformer for different frequen-
cies based on the the difference in the voltage-amplitude between primary and second-
ary side, and the current amplitude for each cycle (STFT). However the results were not 
satisfactory, and then it was decided to simply use the difference in the voltage-
amplitude between primary and secondary side, and the current amplitude for the entire 
time (FFT). The results of this are shown in Fig. 8. Here the results of the calculations 
are shown, where the theoretical transformer admittance calculated using eq. (1) [19] is 
shown with a solid line. 
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      jXRhhZhY  /1/1                    (1) 
where Y(h) is the harmonic dependent admittance, Z(h) is harmonic dependent imped-
ance, h is the harmonic, X is the 50 Hz reactance and R is the 50 Hz resistance. 
In Fig. 8 it is not possible to see any significant correlation between the calculations and 
the theoretical admittance. The authors believe that one of the possible causes for this 
error are a) the admittance calculation procedure and b) the limited sampling of the LV 
measurement system.  
Previous work has been done to calculate the transfer function of a power transformer 
by on-line monitoring systems in [22]. Here it was found that the: 
- sampling rate and data analysis 
- error of the digital measuring system 
- transformer temperature 
- tap changer position 
- network configuration 
are very important to quantify the transfer function of a transformer. Recent work like 
[23] evaluates the feasibility to use bushing taps or non-invasive capacitive sensors in a 
transformer, to monitor the transfer function in off-line conditions. However, it is im-
portant to remember that there is no commercial measuring system for on-line monitor-
ing of the transfer function like this.  
 
The main conclusion from this analysis is that further work could be done in order to 
analyze better the voltages and current frequency components, but in general this proce-
dure is not suitable for correctly determining the admittance of the transformer due to its 
inaccuracies, time consumption and frequency limitations. Hence, dedicated equipment 
has been acquired in order to correctly estimate the frequency response of the trans-
former.  
  
Fig. 8  Admittance calculation in the power transformer using the odd and even harmon-
ics from the single sided amplitude spectrum of each current and voltage, in both sides 
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of the power transformer (circles and crosses). The theoretical transformer admittance is 
shown with a solid line. 
 
V.  TRANSFORMER MODEL FOR TRANSIENT STUDIES 
As previously mentioned, it is possible to do a SFRA from the terminals of the trans-
former and create a digital model for EMTP [7-11]. However the SoFT equipment from 
ABB was not available at that time. Hence it was decided to acquire a FRAX101 with 
AIP-101 from Megger [20], since the code for rational approximation of frequency de-
pendent admittance matrices is available online in SINTEF´s webpage [21]. 
The main idea behind the FRAX101 is to supply an AC voltage with 10 V amplitude 
(generator signal) at one terminal of the transformer as shown in Fig. 9, where the fre-
quency is changed incrementally in steps from 20 Hz to 5 MHz. The current to the 
transformer winding is measured (measure signal) as well as the voltage supplied at the 
terminal (reference signal). By suitable coupling of all windings the admittances then 
can be determined.     
 
VI.  TRANSFORMER MEASUREMENTS USING FRAX101  
The FRAX101 and AIP-101 were used on three transformers: one 100 kVA dry-type 
transformer placed at DTU and two 120 MVA oil-filled transformers. In the current 
report only the results from one of the large transformers is shown, since further work is 
expected to be done analyzing and comparing the results from the other transformers. 
Below are shown some preliminary results from these measurements.  
 
A.  100 kVA dry type transformer  
First the FRAX101 equipment was used in the laboratory facilities at DTU. The clamp 
with the ―Generator/Reference‖ signals was connected to the terminal 2W, with the 
―Measure‖ clamp connected to the 2V terminal. In this case, the rest of the terminals 
were grounded, hence the connection SC2W2V of the transformer was measured. The 
connection diagram is shown in Fig. 9. The short-circuit and open-circuit admittance 
matrices were measured as explained in [7]. The results from the row 2W in the short-
circuit admittance matrix are shown in Fig. 10. Here it is possible to see some resonant 
and anti-resonant frequencies, a more thorough analysis of which will be done in the 
future.  
Several exercises regarding frequency range, settling time, filtering of signals, applied 
voltage, cabling practice and reproducibility were done based on [16]. This provided 
good understanding and rehearsal experience for the next transformer measurements. 
 
B.  120 MVA transformer  
Fig. 11 shows the picture of one of the 120 MVA transformers measured. The meas-
urements in the industrial facility were a little more complicated than in the lab, due to 
the size of the transformer. However it was possible to measure the short-circuit and 
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open-circuit admittance matrices of the transformer, except from the diagonal elements 
in the admittance matrix, due to an error on-site. In general, one day per transformer is 
needed to do just below 100 measurements, since the open-circuit and the short-circuit 
admittance matrixes have a size of [7x7] each.  
The clamp with the ―Generator/Reference‖ signals was connected to the terminal 1N, 
while the clamp with the ―Measure‖ clamp was connected to the 2V terminal. In this 
case the rest of the terminals were open, hence the connection OC1N2V of the trans-
former was measured. The connection diagram is shown in Fig. 12.  
The results from the row 1N in the open-circuit admittance matrix are shown in Fig. 13. 
Here it is possible to see some resonant and anti-resonant frequencies, however further 
work will be done in the analysis of this measurements. 
  
Fig. 9 Diagram of SC2W2V connection 
  
Fig. 10 Admittance magnitude and admittance phase angle for seven connections in the 
100 kV dry type transformer. Upper plot: admittance magnitude. Lower plot: admit-
tance phase angle 
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Fig. 11 120 MVA transformer with SFRA measurement equipment.  
  
Fig. 12 Diagram of OC1N2V connection 
  
Fig. 13 Admittance magnitude and admittance phase angle for six connections in the 
120 MVA transformer. Upper plot: admittance magnitude. Lower plot: admittance 
phase angle 
VII.  CONCLUSIONS 
The paper presents the measurement setup, the measurement results and the methodolo-
gy to calculate the admittance of a wind turbine transformer based on a switching opera-
tion in the collection grid of an OWF.  
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The time domain signals were analyzed on both sides of the transformer using DFT, in 
order to establish an approximated nodal model of the transformer. However, low corre-
lation was found between the analysis results and the theoretical admittance.  
Due to these results and the extensive knowledge in FRA and transformer modelling, it 
was decided to acquire a SFRA. The preliminary results from measurements done on 
two transformers were briefly presented. 
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 Abstract—This paper presents the results of several sweep frequency response analysis 
(SFRA) measurements performed on two identical offshore wind farm transformers. A 
comparison is made between the transformers based on different recommended meas-
urements and procedures, different measurement systems for frequency response analy-
sis (FRA) and different tap changer positions. It was shown how the series impedance 
and capacitance between windings vary depending on the tap changer position. 
 
Index Terms— power transformers, resonances, SFRA, and tap changer position. 
 
I.  INTRODUCTION 
This paper presents SFRA measurements made by DONG Energy in cooperation with 
the Technical University of Denmark as part of ongoing efforts to improve the accuracy 
of electrical modeling of power system components. The measurements were performed 
on two identical offshore wind farm transformers, which are part of the first phase of the 
Walney Offshore Wind Farm. The tests were performed at two different locations with-
in a year, using two different kinds of commercial available SFRA equipment. 
 
II.  WALNEY OFFSHORE WIND FARM 
THE Walney Offshore Wind Farm project is located approximately 15km west of Bar-
row-in-Furness in Cumbria at the East Irish Sea, see Fig. 1. The project consists of Wal-
ney 1 (WOW1) and Walney 2 (WOW2) each with 51 3.6MW turbines, giving a total 
capacity of the Walney project of 367.2MW. The rotor diameter of the turbines is 107m 
for Walney 1 and 120m for Walney 2.  
WOW1 consists of two parts, WOW1.1 with 21 wind turbines and WOW1.2 with 30 
turbines, each with a rated power of 3.6MW. The WTs are connected in ―rows‖ by 
36kV submarine cables. Pairs of rows are then connected to the platform by one ―root‖ 
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cable. Two park transformers (120MVA YNd1 132±10x2%/33kV) are placed on an 
offshore platform in the centre of the wind farm. The radials of WOW1.1 are connected 
to one park transformer (TR1), and the radials of WOW1.2 are connected to the other 
park transformer (TR2). The connection of the park transformers is established via a 
single three-phase HV submarine sea cable and a land cable to the grid connection point 
on land 
  
Fig. 1 Walney Offshore Wind Farm layout and location 
 
III.  MEASUREMENTS 
TR1 and TR2 are investigated and the results from the SFRA are compared. Both trans-
formers were measured at the transformer manufacturer site (Test 1) as standard test by 
the manufacturer using an Omicron FRAnalyzer. Afterwards, DONG Energy measured 
again both transformers at the transformer manufacturer site (Test 2) using Megger 
FRAX-101. Finally, DONG Energy measured both transformers at the construction site 
of the offshore substation for WOW1 (Test 3) using Megger FRAX-101. 
The state of the HV and MV bushings was different for the three tests, as well as the tap 
changer position. During the measurements on the Test 3, the tap changer positions 
were varied from 1 to 21 in order to see the influence on the frequency response. De-
tailed information about equipment, tap positions and bushings is shown in Table 1 and 
Table 2. 
On both transformers the recommended measurements by [2] were performed and com-
pared; except for the End-to-end short-circuit configuration which was not done on any 
of the transformers under Test 2. The main SFRA test types performed were the follow-
ing (square brackets describe the condition of the windings not connected to the meas-
urement equipment): 
- End-to-end (source on primary phase terminal); 1P-1N [Open], 
- End-to-end (source on secondary phase terminal); 2P-2P [Open], 
- End-to-end short-circuit (source on phase terminal); 1P-1N [Short 2W-2V-
2U]. 
Additionally, the capacitive inter-winding (1P-2P [Open]) configuration was performed 
with different tap changer positions. 
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The frequency sweeps performed for each test types are shown in Table 3. As can be 
seen here, each phase was measured for the three recommended SFRA test types [2].  
In order to illustrate the principle of different test types, selected a connection diagram 
for: 
- test type 1P-1N [Open] is shown in Fig. 2,  
- test type 1P-1N [Short 2W-2V-2U] is shown in Fig. 3, 
- test type 1P-2P [Open] is shown in Fig. 4.   
 
TABLE 1 
INFORMATION ABOUT THE STATE OF THE TESTS IN TR1 AND TR2 
Test Information TR1 TR2 
1 Equipment  Omicron Omicron 
Tap position 1 1 
HV bushing Porcelain Porcelain 
MV bushing Dry Dry 
2 Equipment  FRAX FRAX 
Tap position 1 21 
HV bushing Porcelain Without oil 
chamber 
MV bushing Dry No 
3 Equipment  FRAX FRAX 
Tap position 10 (1-21) 10 (7-15) 
HV With oil 
chamber 
With oil 
chamber 
MV No No 
 
TABLE 2 
INFORMATION ABOUT THE STATE OF THE BUSHINGS IN TR1 AND TR2 
DURING TESTS 
State Diagram 
Porcelain HV bushing 
  
and dry  LV bushing 
Tap 1
 
Without oil chamber  
in the HV bushing   
and no LV bushing 
Tap 21
 
With oil chamber  in 
the HV bushing   
and no LV bushing 
Tap 10 (variable)
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TABLE 3 
FREQUENCY SWEEPS FOR EACH TEST TYPES 
Test type Frequency sweeps 
1P-1N [Open] 1U-1N [Open] 
1V-1N [Open] 
1W-1N [Open] 
2P-2P [Open] 2U-2V [Open] 
2V-2W [Open] 
2W-2U [Open] 
1P-1N [Short 2W-2V-2U] 1U-1N [Short 2W-2V-2U] 
1V-1N [Short 2W-2V-2U] 
1W-1N[Short 2W-2V-2U] 
1P-2P [Open] 1W-2W [Open] 
 
1N
1U 1V 1W
2U 2V 2W
Generator
Measure
  
Fig. 2 Test type 1U-1N [Open] frequency sweeps connection. 
 
1N
1U 1V 1W
2U 2V 2W
Generator
Measure
 
Fig. 3 Test type 1U-1N [Short 2W-2V-2U] frequency sweeps connection. 
1N
1U 1V 1W
2U 2V 2W
Generator
Measure
  
Fig. 4 Test type 1W-2W [Open] frequency sweeps connection. 
 
IV.  SFRA MEASURED MAGNITUDE AND PHASE ANGLE FOR BOTH TRANS-
FORMERS IN ALL TESTS 
The results from the measurements on the TR1 are shown in Fig. 5, Fig. 6 and Fig. 7; 
while for the TR2 are shown in Fig. 8, Fig. 9, and Fig. 10.  
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A. TR1 
As can be seen in Fig. 5, the results from the Test 1 (red) and Test 2 (blue) are very 
close to each other for the test type 1P-1N [Open] and the results from Test 3 show sim-
ilar behaviour up to 30kHz. From 30kHz to 100kHz the phase angles of Test 1 and 2 are 
very close. From 100kHz to 300kHz all three tests shown the same phase angle.   
For test type 2P-2P [Open] (Fig. 6) the results from all the tests shown similar behav-
iour until 200kHz. From 200kHz to 2 MHz only the results from Test 1 and Test 2 are 
very close to each other. 
For test type 1P-1N [Short 2W-2V-2U] (Fig. 7) the results from Test 1 and Test 3 show 
similar behaviour until 30kHz. From 30kHz to 100kHz the phase angles of Test 1 and 2 
show clear differences. From 100kHz to 300kHz both tests shown the same phase angle 
  
Fig. 5 SFRA results in TR1 for test type 1P-1N [Open], at Test 1 (red), Test 2 (blue) and 
Test 3 (green). Upper plot: magnitude. Lower plot: phase angle. 
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Fig. 6 SFRA results in TR1 for test type 2P-2P [Open], at Test 1 (red), Test 2 (blue) and 
Test 3 (green). Upper plot: magnitude. Lower plot: phase angle. 
 
  
Fig. 7 SFRA results in TR1 for test type 1P-1N [Short 2W-2V-2U], at Test 1 (red) and 
Test 3 (green). Upper plot: magnitude. Lower plot: phase angle. 
 
B. TR2 
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As can be seen in Fig. 8 the results from the Test 2 and Test 3 are very close to each 
other for the test type 1P-1N [Open] and the results from Test 1 show similar behaviour 
only up to 30kHz. From 30kHz to 100kHz the phase angles of Test 2 and 3 are very 
close. From 100kHz to 300kHz all three tests shown the same phase angle. 
  
Fig. 8 SFRA results in TR2 for test type 1P-1N [Open], at Test 1 (red), Test 2 (blue) and 
Test 3 (green). Upper plot: magnitude. Lower plot: phase angle. 
  
Fig. 9 SFRA results in TR2 for test type 2P-2P [Open], at Test 1 (red), Test 2 (blue) and 
Test 3 (green). Upper plot: magnitude. Lower plot: phase angle. 
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Fig. 10 SFRA results in TR2 for test type 1P-1N [Short 2W-2V-2U], at Test 1 (red) and 
Test 3 (green). Upper plot: magnitude. Lower plot: phase angle. 
 
For test type 2P-2P [Open] (Fig. 9) the results from all the tests shown similar behav-
iour until 2 MHz.  
For test type 1P-1N [Short 2W-2V-2U] (Fig. 10) the results from Test 1 and Test 3 
show similar behaviour until 30kHz. From 100kHz to 300kHz both tests shown the 
same phase angle. 
The first resonance frequency for both transformers in all tests is shown in Table 4. 
From this table it can be concluded that for all test types:  
- the first resonance frequency shifts to a higher value if the tap changer 
position is increased.  
the HV porcelain bushings seem to lower the first resonance frequency, due to its capac-
itance. 
 
V.  DL/T 911-2004 ANALYZER 
The DL/T 911-2004 Analyzer, based on the Electric Power Industry Standard of Peo-
ple‘s Republic of China, is already implemented in the FRAX software to analyze and 
interpret data. The calculations are performed automatically and the "Conclusion" is 
presented in the Table 5 and 6. 
 
TABLE 4 
FIRST RESONANCE FREQUENCY 
Frequency sweeps Test 1 Test 2 Test 3 
T R 1
 
Tap 1 1 10 
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1P-1N [Open] 0.5 kHz 0.6 kHz 0.7 kHz 
2P-2P [Open] 0.6 kHz 0.7 kHz 0.8 kHz 
1P-1N [Short 
2W-2V-2U] 
10 kHz  11 kHz 
T
R
2
 
Tap 1 21 10 
1P-1N [Open] 0.6 kHz 0.9 kHz 0.7 kHz 
2P-2P [Open] 0.6 kHz 1 kHz 0.8 kHz 
1P-1N [Short 
2W-2V-2U] 
10 kHz  11 kHz 
 
The DL/T 911-2004 Analyzer computes the relative factor function (Rxy) for the three 
different frequency ranges (1kHz-100kHz, 100kHz-600kHz and 600kHz-1MHz). In 
order to calculate the Rxy, the standard variance, covariance and normalization covari-
ance factor are calculated before the Rxy for each frequency range.  Then value for each 
frequency range is assigned a "Winding Deformation degree" and finally the conclusion 
is set as the worst "Winding Deformation degree"[1]. In Table 5 and 6 the results from 
the winding deformation degree are shown as: 
• 0, Normal  
• 1, Light distortion 
• 2, Obvious distortion 
• 3, Severe distortion 
As it can be seen from Table 5 and 6 even in the same transformer each winding is dif-
ferent. Hence, the frequency response of identical transformers can not be used as exact 
reference.. This is due to the construction of each limp of the transformer, the windings 
and the relative distance within the tank [2]. These differences would yield different 
conclusions regarding the deformation degree. For example, the difference between 
each of the primary windings can be seen in the test type 1P-1N [Open] in TR1 and TR2 
at Test 3. 
However, the largest differences are present in the test 3, as found by observation in the 
previous section. This is due to the tap changer position and bushings.  
For this reason, the transformer must be in exactly the same condition (tap changer posi-
tion, bushings and oil temperature) when measuring at the transformer manufacturer site 
and on-site. Consequently, if bushings are first installed at the transformer manufacturer 
site, and then dismounted on-site, the frequency response would be different on both 
situations. 
 
  
TABLE 5 
INTERPRETATION ACCORDING TO DT/T 911-2004 FOR TR1 
  1P-1N 
[Open] 
2P-2P 
[Open] 
1P-1N 
[Short 2W-
2V-2U] 
 Test 1 2 3 1 2 3 1 2 3 
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TABLE 6 
INTERPRETATION ACCORDING TO DT/T 911-2004, FOR TR2 
  1P-1N 
[Open] 
2P-2P 
[Open] 
1P-1N 
[Short 2W-
2V-2U] 
 Test 1 2 3 1 2 3 1 2 3 
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VI.  INFLUENCE OF TAP CHANGER VARIATION ON THE MEASURED RE-
SULTS  
In this subsection, only the results from the measurements 1W-1N [Short 2W-2V-2U] 
on TR1 and TR2 with different tap changer positions are compared from 10kHz to 
400kHz.  
Fig. 11 shows the change in the magnitude and angle in TR1 when the tap changer var-
ies from tap position 10 to position 1. In the same figure it is also shown how the re-
sponse of the transformer does not change if the generated voltage from the FRAX-101 
is varied. The applied voltages were 5V, 2.5V or 0.5V and are shown in the figure as 
V=1, V=0.5 and V=0.1, respectively. Fig. 12 shows the change in the magnitude and 
phase angle in TR2 when the tap changer varies from tap position 7 to 15. 
From these two figures it can be concluded that the frequency where the first phase shift 
appears, depends on the tap changer position. For example at Tap position 1 the fre-
quency where the first phase shifts takes place is around 50kHz, for tap 3 is 52kHz, for 
tap 5 is 54kHz, for tap 7 is 56kHz, for tap 9, 10 and 11 is 74kHz, for tap 12 is 66kHz, 
for tap 13 is 86kHz and finally for tap 15 is 70kHz. This shows that the tap changer po-
sition has an important role above tens of kHz. 
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Fig. 11 SFRA results of TR1: Measurements of 1W-1N [Short 2W-2V-2U] for different 
tap changer positions and voltage magnitude of the FRAX. Upper plot: magnitude. 
Lower plot: phase angle. 
  
Fig. 12 SFRA results of TR2: Measurements of 1W-1N [Short 2W-2V-2U], for differ-
ent tap changer positions. Upper plot: magnitude. Lower plot: phase angle. 
 
Future work will be done in the creation of wide band transformer models [3] based on 
the measurements done in TR1 and TR2: since the open and short circuit admittance 
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matrices were measured in the tap changer position 1 for TR1 and 21 for TR2. This 
way, the influence on the tap changer position on the transient response will be evaluat-
ed. 
 
VII.  EQUIVALENT RESISTANCE, INDUCTANCE AND CAPACITANCES OF 
THE TRANSFORMER 
In this last subsection, the equivalent series resistance and inductance measured by the 
type test 1P-1N [Short 2W-2V-2U] in TR1 and TR2 and the capacitance between wind-
ings by the measurement 1W-2W [Open] in TR1 for different tap changer positions are 
shown. 
  
Fig. 13 Total series resistance and inductance results for TR1, test type 1P-1N [Short 
2W-2V-2U] for different tap changer positions. Upper plot: resistance. Lower plot: In-
ductance. 
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Fig. 14 Capacitance between primary and secondary windings of TR1 for  1W-2W 
[Open] measurements for different tap changer positions. 
 
As can be seen in Fig. 13 and Fig. 15, the equivalent series resistance and inductance 
decrease, as the tap changer position increase. In these two figures it is also possible to 
see that the first resonance frequency in the transformer shifts to a higher value as the 
tap increase, as can be expected due to the lower series inductance. 
The connection 1P-1N [Short 2W-2V-2U] is equivalent to the frequency response of 
stray losses (FRSL) [4], where the equivalent resistance as seen from the primary side is 
defined as the contribution of the short circuit cable and both winding resistances. How-
ever, the empirical model presented here and in [5], does  not  match  the  measure-
ments.  Recent work has shown that winding losses can be estimated for a combined 
influence of the proximity and skin effect [6]. 
In Fig. 14 it is possible to see how the capacitance between windings from 1kHz to 
10kHz increases as the tap position increases. 
  
Fig. 15 Total series resistance and inductance results for TR2, test type 1P-1N [Short 
2W-2V-2U], for different tap changer positions. Upper plot: resistance. Lower plot: 
Inductance 
VIII.  CONCLUSIONS 
This work shows a comparison between frequency response analyses of two identical 
transformers during three tests, using two different SFRA measurement equipment. It 
was found that the tap changer position and the bushings on the primary and secondary 
side seems to affect the frequency response.  
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Differences on each winding were found on both transformers, and in the three tests. 
Nevertheless the results from the Omicron FRAnalyzer and Megger FRAX-101 were 
almost the same when compared in the same transformer in the tap changer position 1. 
Some differences were also found between windings in the same transformer, and how 
the "Winding Deformation degree" could yield misleading conclusions, due to the dif-
ferences between each winding in a transformer, and between identical transformers. 
When the change of the resonance frequencies of TR1 and TR2 from 10kHz to 400kHz 
with different tap changer positions were compared. It was found that the lower the tap 
changer position is, the lower is the frequency at which the first phase shift appears. 
Finally the equivalent series resistance and inductance was extracted from the tests and 
the capacitance between windings, and the dependence of these parameters on the tap 
changer position was shown. 
Future work will be done in order to implement these findings in simulation tool mod-
els. 
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